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Introduction 

The  transmission  of  signals  from  outside  of  the  cell  to  intracellular  compartments  is 
necessary  in  all  cellular  systems.  Receptor  tyrosine  kinases  function  as  an  important  group  of 
molecules  which  propagate  environmental  signals  to  intracellular  compartments  by  coupling  to 
specific  signal  transduction  pathways.  Receptor  tyrosine  kinases  are  essential  for  normal 
growth,  development  and  differentiation  (1). 

The  major  attenuation  mechanism  for  signaling  of  cell  surface  receptors  involves  ligand- 
induced  internalization  and  downregulation  of  receptors,  a  process  dependent  on  both  intrinsic 
tyrosine  kinase  activity  and  specific  sequence  motifs,  termed  endocytic  codes.  When  receptors 
are  excessively  expressed,  the  endocytic  mechanism  is  saturated  so  that  attenuation  can  not 
occur  and  excessive  signaling  ensues  from  the  cell  surface. 

The  function  of  membrane  receptors  is  dependent  on  correct  trafficking  between  cellular 
compartment.  The  low  density  lipoprotein  (LDL)  and  transferrin  (Tf)  receptors,  whose 
primary  function  is  transport  of  nutritional  molecules  into  cells,  are  internalized  by  virtue  of 
their  constitutive  binding  to  clathrin  coated  pits  (2).  Endocytosis  of  this  class  of  receptors  is 
independent  of  ligand  binding  but  depends  on  specific  cytoplasmic  motifs  that  contain  an 
aromatic  residue  residing  in  a  tight  turn  stmcture  (3,4).  Receptor  tyrosine  kinases  that  activate 
signal  transduction  pathways  display  a  different  pattern  of  internalization.  Ligand  binding 
activates  their  intrinsic  tyrosine  kinase  activity  and  results  in  redistribution  of  diffuse  cell 
surface  receptors  to  coated  pits,  enhanced  rates  of  endocytosis  and  downregulation  from  the 
surface  (5,6).  Occupancy-induced  internalization  of  epidermal  growth  factor  (EOF)  and 
insulin  (Ins)  receptors  requires  both  intrinsic  protein  tyrosine  kinase  activity  and  specific 
sequence  motifs.  The  juxtamembrane  domain  encoded  by  exonl6  of  InsR  gene  contains 
sequences  (Gly-Pro-Leu-Tyr,  to  a  lesser  extent,  Asn-Pro-Gln-Tyr)  that  are  necessary  for 
normal  endocytosis.  InsR  deleted  or  mutated  in  these  sequences  retain  tyrosine  kinase  activity 
but  fail  to  undergo  endocytosis  (7).  Unlike  the  LDLR  and  TfR  which  contain  a  short  sequence 
of  cytoplasmic  residues  and  lack  a  tyrosine  kinase  domain  (3,4),  both  tyrosine  kinase  activity 
and  exon  16  of  InsR  are  required  for  endocytosis  of  InsR.  Although  a  Tyr  residue  within  the 
endocytic  code  is  essential  for  internalization  of  InsR,  this  Tyr  residue  is  not  an  auto¬ 
phosphorylation  site.  Tyrosine  kinase  activity  is  thought  to  lead  to  auto-phosphorylation  and  a 
conformational  change  that  exposes  the  buried  endocytic  sequences  in  the  normally  dimerized 
InsR. 

With  identification  of  the  endocytic  codes  has  come  an  opportunity  to  use  molecular 
recognition  as  a  criterion  for  isolating  specific  proteins  and  subsequently  defining  the  complex 
machinery  involved  in  receptor  trafficking.  The  two  hybrid  system,  which  depends  upon 
molecular  recognition  properties  of  proteins  for  their  isolation,  was  used  as  an  approach  to 
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identify  a  specific  recognition  protein  for  the  endocytic  codes  of  InsR.  Enigma  was  isolated  by 
interaction  with  Exon  16  of  InsR  (8)  and  was  shown  to  recognizes  the  endocytic  codes  of  InsR 
proportional  to  the  strength  of  the  codes  in  holo-InsR  in  vivo  (7,8).  Enigma  interacts  with  the 
endocytic  codes  of  InsR  through  one  of  the  three  LIM  domains.  The  ability  to  specifically 
recognize  the  endocytic  code  of  InsR  via  a  LIM  domain  fulfills  the  first  property  of  the 
endocytosis  mechanism. 

In  addition  to  InsR,  Enigma  specifically  interacted  with  the  receptor  tyrosine  kinase  Ret 
(9).  The  Ret  oncogene  was  originally  identified  as  a  transforming  gene  by  transfection  of  T 
cell  lymphoma  DNA  into  NIH3T3  cells  (10).  This  oncogene  was  not  expressed  in  the  original 
lymphoma,  but  instead  had  arisen  from  a  rearrangement  during  the  transfection,  hence  the 
name  Ret-  The  Ret  proto  oncogene  encodes  a  member  of  the  receptor  tyrosine  kinase  gene 
superfamily  with  an  extracelluler  ligand-binding  domain,  a  transmembrane  domain  and  an 
intracellular  domain  (1 1,12). 

The  mutations  of  the  Ret  proto  oncogene  have  been  linked  to  four  human  disease 
syndromes:  the  dominantly  inherited  cancer  syndromes  FMTC,  MEN2A  and  MEN2B,  and 
Hirschsprung's  disease  (13-15).  Deletions  and  nonsense  point  mutations  leading  to  trancation 
of  the  Ret  receptor,  and  single  amino  acid  substitutions  in  the  kinase  domain  of  Ret  have  been 
reported  in  those  patients.  The  Ret/ptc2  oncogene,  an  activated  form  of  the  Ret  proto 
oncogene,  has  been  found  specifically  in  1 1%  to  15%  of  human  papillary  thyroid  carcinomas 
(16).  Ret/ptc2  is  the  product  of  a  crossover  between  the  genes  coding  for  the  tyrosine  kinase 
domain  of  Ret  and  the  type  la  regulatory  subunit  (RIa)  of  cAMP-dependent  protein  kinase 
(17,18).  Both  oncogenic  forms  of  Ret  are  constitutively  phosphorylated  on  tyrosine,  display 
an  in  vitro  auto-phosphorylation  activity,  and  are  translocated  from  the  membrane  to 
cytoplasm. 

The  mitogenic  activity  of  Ret/ptc2  has  been  studied  by  a  microinjection-based  assay .  RIa 
and  a  tyrosine  residue  located  carboxyl  terminal  to  the  kinase  core  of  Ret  are  required  for  the 
mitogenesis  of  Ret/ptc2  (19).  Although  the  SH2  domains  of  PLC-yand  GrblO  binds  to 
Ret/ptc2,  these  interactions  are  not  required  for  mitogenic  signaling  (20).  Ret/ptc2  also  binds 
to  one  of  the  three  LIM  domains  of  Enigma  (9).  In  contrast  to  the  SH2  interactions,  disruption 
of  the  LIM-Ret  interaction  abolishes  Ret/ptc2  mitogenic  signaling  (20).  This  suggests  that 
Ret/ptc2  signal  transduction  is  mediated  by  LIM  domain  recognition  of  a  Tyr-base  motif  but 
not  a  common  signaling  molecule  the  SH2  domain.  This  is  the  first  description  of  a  LIM 
domain  protein  involved  in  mitogenic  signaling. 

Given  that  Enigma,  which  contains  three  LIM  domains  at  its  carboxyl  terminus,  was 
found  to  interact  with  two  receptor  tyrosine  kinases,  InsR  and  Ret,  determining  the  molecular 
basis  of  LIM  domains  recognition  becomes  important. 
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The  LIM  motif  was  first  identified  in  three  developmentally  important  transcription 
factors,  C.  elegans  Lin-11,  rat  Isl-1  and  C.  elegans  Mec-3,  from  which  the  acronym  LIM  was 
derived  in  1990  (21-23).  The  LIM  domain  is  a  Cys-rich  sequence  motif  that  is  found  in  a 
variety  of  proteins  with  diverse  functions  and  subcellular  distributions,  including  transcription 
factors,  proto-oncogene  products,  and  components  of  adhesion  plaques  and  the  actin-based 
cytoskeleton  (24,25).  The  LIM  motif  displays  the  Cys-rich  consensus  sequence  CX2CX15. 
23HX2CX2CX2CXi6.2iCX2.3(C,  D,  H).  It  has  been  demonstrated  by  spectroscopic  analysis 
that  the  LIM  domain  defines  a  specific  zinc-binding  structure  (26). 

Structural  analysis  by  NMR  of  the  carboxyl  terminal  LIM  domain  of  CRP  showed  that 
the  second  zinc-binding  module  has  a  stmcture  similar  to  the  zinc  fingers  in  the  GATA-1 
transcription  factor  and  the  glucocorticoid  receptor  (27).  Despite  this  structural  similarity,  there 
is  no  experimental  evidence  for  a  DNA  binding  function  for  LIM  domains.  However,  there  is 
strong  evidence  for  their  role  in  protein*protein  interaction.  The  LIM-only  protein  CRP  can 
form  heterodimers  with  the  complex  LIM  protein  Zyxin  (28).  Interaction  with  CRP  is  specific 
for  LIMl  of  Zyxin  and  neither  LIM2  nor  LIM  3  of  Zyxin  nor  LIMs  of  Mec-3  bind.  CRP  can 
also  form  homodimers  through  its  LIM  domains  but  no  specificity  of  LIM»LIM  interaction  is 
observed  (29).  Binding  of  a  LIM  domain  to  a  very  different  protein  domains  has  been  shown 
by  the  specific  association  of  RBTNl,  RBTN2  with  the  helix-loop-helix  domains  of  TALI, 
TAL2  and  LYLl  (30,31).  LIM  domains  in  the  transcription  factor  Lmx-1  are  necessary  for 
specific  functional  interaction  with  the  helix-loop-heUx  protein  shPan-1  which  lacks  LIM 
domains  (32),  supporting  the  idea  that  LIM  domains  interact  with  structural  motif  distinct  from 
other  LIM  domains. 

Enigma  which  contains  three  LIM  domains  at  its  carboxyl  terminus  was  found  to 
interact  with  two  receptor  tyrosine  kinases.  LIM2  of  Enigma  specifically  recognizes  Ret 
whereas  LIM3  of  Enigma  specifically  recognizes  InsR  (8,9).  Both  LIM2  and  LIM3  recognize 
T5n‘-contaming  motifs  located  outside  the  tyrosine  kinase  cores  of  Ret  and  InsR.  The  ability  of 
LIM3  of  Enigma  to  recognize  the  active  endocytic  codes  of  InsR  fulfills  the  first  property  of  the 
endocytic  mechanism.  Overexpression  of  LIM  domains  of  Enigma  blocked  the  mitogenic 
signaling  of  Ret/ptc2,  indicating  that  Enigma  is  involved  in  the  mitogenic  signaling  of  Ret/ptc2 
(20).  These  observations  indicate  LIM  domains  of  Enigma  function  as  protein  interaction 
modules  with  specificity  provided  by  both  the  LIM  domains  and  target  structures.  Enigma  is  a 
potentially  interesting  protein  that  is  involved  in  signal  transduction  and  may  also  play  a  role  in 
endocytosis  of  receptor  tyrosine  kinase. 
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Results 

1.  Isolation  and  characterization  of  Enigma 

The  observation  that  occupancy-induced  high-affinity  saturable  endocytosis  depends 
upon  specific  4-6  amino  acid  sequence  codes  in  signaling  receptors  predicts  a  specific  cellular 
"internalization  component"  that  specifically  recognizes  the  code  and  functions  in  this  process. 
The  yeast  two-hybrid  system  described  by  Zervos  et  al  (33,34)  was  used  to  isolate  a  putative 
endocytic  code  recognition  protein. 

Reagents  for  the  yeast  two-hybrid  system  were  obtained  from  Dr.  Roger  Brent  (34). 
Exon  16  of  InsR  was  subcloned  into  the  LexA-fusion  vector  pEG202  and  coexpressed  in  the 
EGY48  strain  of  Saccharomyces  cerevisiae  with  an  oligo(dT)  -prepared  HeLa  cDNA  library. 
From  approximately  one  million  co-transformants,  we  isolated  398  Leu^  colonies.  Three  of 
these  were  blue  only  on  galactose  X-gal  but  not  on  glucose  X-gal  medium,  confirming  that 
they  require  the  library  encoded  protein.  The  library  plasmids  were  rescued  from  yeast  cells 
and  shown  to  be  identical.  Sequence  of  the  cDNA  fragment  was  used  to  search  the  data  bank 
and  shown  to  be  unique.  This  novel  protein,  based  on  its  code  recognition  properties,  is 
termed  Enigma  (8). 

The  cDNA  fragment  was  used  as  a  hybridization  probe  to  isolate  a  full-length  cDNA 
from  a  A,gtll  cDNA  library  prepared  from  SK-N-MC  cells  (Fig.  1).  The  cDNA  correpsonds 
to  a  single  mRNA  species  of  1.7  kilobases  determined  by  Northern  blotting.  The  cDNA 
contains  a  Kozak  sequence  at  an  initiator  Met,  and  an  open  reading  frame  encoding  a  455 
amino  acid  protein.  In  vitro  translation  yielded  a  55-kDa  protein  as  expected  from  the  open 
reading  frame.  Western  blotting  with  an  affinity-purified  antibody  generated  against  Enigma 
confirmed  a  single  cytoplasmic  ~55-kDa  protein  in  the  HeLa  cells  in  agreement  with  the  open 
reading  frame  and  in  vitro  translation. 

Although  Enigma  is  a  novel  protein  not  present  in  the  data  banks.  Enigma  contains  three 
LIM  domains  within  its  carboxyl  terminus.  The  interacting  domain  isolated  from  yeast 
consisted  predominantly  of  one  LIM  domain,  the  carboxyl  terminal  LIM  domain  (LIM3). 

LIM3  of  Enigma  recognized  exon  16  of  InsR  in  the  two  hybrid  system.  To  further 
examine  the  interaction  in  another  approach,  the  LIM3  of  Enigma  was  expressed  as  GST 
fusion  protein  and  was  tested  for  its  ability  to  bind  holo  InsR.  Because  ligand-induced 
internalization  of  InsR  requires  intrinsic  tyrosine  kinase  activity  and  sequence  encoded  by  exon 
16,  we  also  asked  whether  tyrosine  kinase  activity  is  required  for  the  association  between 
Enigma  and  InsR.  Insulin  activated  the  InsR  tyrosine  kinase  activity  and  stimulated 
autophosphorylation  of  InsR  (36).  The  GST-LIM3  of  Enigma  and  GST  protein  were 
immobilized  on  glutathione  agarose  beads  and  mixed  with  partially  purified  InsR  without  or 
with  lOOnM  of  insulin  treatment.  The  GST-LIM3  of  Enigma  precipitated  the  InsR  regardless 
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of  whether  insulin  was  added  while  the  GST  protein  did  not  bind  either  form  of  InsR. 
Treatment  with  insulin  activated  the  tyrosine  kinase  activity  and  auto-phosphorylation  of  InsR 
but  did  not  affect  the  ability  of  InsR  to  bind  GST-LIM3  of  Enigma.  These  data  demonstrate 
that  LIM3  of  Enigma  recognizes  holo  InsR  as  well  as  exon  16  independently  of  Tyr 
phosphorylation  of  InsR. 

For  the  endocytosis  of  InsR,  tyrosine  kinase  activity  of  InsR  is  essential  and  necessary. 
The  interaction  of  Enigma  with  InsR  independently  of  tyrosine  kinase  activity  of  InsR  indicates 
that  the  Enigma-InsR  complex  may  be  necessaiy  but  is  not  sufficient  to  support  the 
internalization  of  InsR.  Additional  components  which  are  regulated  by  the  tyrosine  kinase 
activity  of  InsR  are  also  required. 

2.  Specific  Interaction  of  Enigma  with  endocytic  codes 

Exon  16,  which  encodes  22  amino  acids  of  the  submembrane  domain  of  the  p-subunit  of 
InsR,  contains  two  endocytic  codes:  a  strong  code,  Gly-Pro-Leu-Tyr,  and  a  weak  code,  Asn- 
Pro-Glu-Tyr.  Both  codes  form  Tyr-containing  tight  turns  in  solution  (37).  Mutations  of  Gly- 
Pro-Leu-Tyr  to  Ala-Pro-Leu- Ala  and  Asn-Pro-Glu-Tyr  to  Ala-Pro-Glu-Ala  reduced  InsR 
internalization  to  32%  and  87%  respectively  (7). 

To  determine  whether  Enigma  recognizes  the  active  endocytic  codes  of  InsR,  the  two 
hybrid  system  was  used  to  measure  the  interaction  of  Enigma  with  mutant  exon  16  sequence. 
Both  the  LIM3  and  holo  Enigma  were  used.  Mutations  of  InsR  exon  16  were  cloned  into  the 
bait  plasmid  individually  and  interactions  were  determined  by  monitoring  P-galactosidase 
activity.  A  2-amino  acid  change  in  the  strong  endocytic  code  (Gly-Pro-Leu-Tyr  to  Ala-Pro- 
Leu- Ala)  completely  abolished  the  interaction.  A  2-amino  acid  change  in  the  weaker  endocytic 
code  (Asn-Pro-Glu-Tyr  to  Ala-Pro-Glu-Ala)  decreased  interaction  but  did  not  abolish  it.  No 
interaction  occurred  when  mutation  in  both  sequences  were  present.  Enigma  thus  recognizes 
the  strong  code  Gly-Pro-Leu-Tyr,  and  to  a  lesser  extent,  the  weak  code  Asn-Pro-Glu-Tyr  in 
exon  16  of  InsR  (Fig.  2).  There  is  thus  strong  concordance  between  effects  of  these  point 
mutants  in  InsR  in  vivo  and  in  vitro  interaction  between  Enigma  and  exon  16. 

Although  many  receptors  internalize  via  coated  pits,  specificity  is  implied  by  observations 
that  EGFR  do  not  compete  with  TfR  for  internalization,  nor  do  InsR  compete  with  mannose  6- 
phosphate  receptors  for  internalization  (6).  To  investigate  specificity,  interaction  of  LIM3  and 
holo  Enigma  with  endocytic  codes  from  other  receptors  was  also  studied  by  the  two-hybrid 
system.  Small  fragments  containing  the  individual  endocytic  codes  of  EGFR,  IGF-IR,  LDLR 
and  TfR  were  cloned  in  the  pEG202  plasmid,  expressed  as  LexA  fusion  proteins  and  analyzed 
for  their  ability  to  interact  with  Enigma  (Fig.  2).  Neither  LIM3  nor  full  length  Enigma 
recognized  the  endocytic  codes  in  IGFl-R,  EGFR,  LDLR  and  TfR.  Interaction  of  LIM3  of 
Enigma  with  the  Gly-Pro-Leu-Tyr  strong  code  of  InsR  thus  shows  high  specificity. 
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A  synthetic  sequence  Asn-Asn-Ala-Tyr-Phe,  predicted  to  have  structural  features  of  a 
tight  turn,  effectively  replaced  the  Gln-Gln-Gly-Phe-Phe  endocytic  code  for  EGFR 
internalization  (38).  When  Asn-Asn-Ala-Tyr-Phe  was  substituted  for  a  single  endocytic  code 
of  EGFR,  it  was  not  recognized  by  Enigma.  A  significant  interaction  was  observed  when 
Asn-Asn-Ala-Tyr-Phe  was  expressed  in  two  copies  in  a  predicted  helix-tum-helix  as  occurs  in 
native  EGFR  where  two  endocytic  codes  are  separated  by  a  predicted  helical  region.  The 
interaction  of  full  length  Enigma  was  stronger  than  the  interaction  of  LIM3  with  Asn-Asn-Ala- 
Tyr-Phe. 

The  structural  features  of  LIM  domains  are  highly  conserved.  To  determine  whether 
LIM  domains  have  target  specificity,  individual  LIM  domains  of  Enigma  and  LIM  domains 
from  other  proteins  were  examined  for  their  ability  to  interact  with  InsR  endocytic  codes.  LIM 
domains  of  Enigma,  CRP,  Zyxin,  Mec-3,  Isl-1,  Lmx  -1  and  Paxillin  were  cloned  into  pJG4-5 
and  their  ability  to  associate  with  endocytic  codes  of  EGFR,  IGF-IR,  LDLR  and  TfR  were 
analyzed.  Similar  to  the  results  seen  with  full  length  Enigma,  most  LIM  domains  failed  to 
recognize  endocytic  codes  of  IGF-IR,  LDLR,  TfR,  and  EGFR.  Only  LIM3  of  Enigma 
recognized  the  endocytic  codes  of  InsR. 

3.  Identification  of  the  recognition  motif  for  LIM3  of  Enigma 

To  determine  the  recognition  motif  for  the  LIM3  domain  of  Enigma,  a  random  peptide 
library  selection  technique  was  used  to  study  the  consensus  binding  sequence  for  LIM3  of 
Enigma.  Random  peptide  library  selection  has  been  successfully  used  to  determine  the 
sequence  specificity  of  the  peptide-binding  sites  of  SH2  and  SH3  domains  as  well  as  the 
optimal  substrates  of  protein  kinases  (39,40). 

We  constructed  a  fixed  Tyr  peptide  library  comprising  peptides  of  sequence:  Met-Ala- 
X-X-X-X-Tyr-X-X-X-X-AIa-Lys-Lys-lys,  where  X  indicates  all  amino  acid  except  Trp, 
Cys,  Ser,  Thr  or  Tyr.  LIM3  of  Enigma  was  expressed  as  a  GST  fusion  protein,  immobilized 
on  glutathione  agarose  and  incubated  with  the  Tyr  peptide  library.  Unbound  peptides  were 
washed  away  and  bound  peptides  were  released  by  acid  and  subjected  to  micro-sequencing. 
The  amino  acids  preferentially  selected  by  LIM3  of  Enigma  at  positions  -4,  -3,  -2  and  -1  amino 
terminal  to  the  Tyr  residue  and  +1,  +2,  +3  and  +4  carboxyl  terminal  to  the  Tyr  were  shown  in 
Fig.  3 A.  The  greatest  selectivity  was  observed  at  positions  -1  and  +2  where  Pro  was 
preferred.  At  the  -2  position,  Gly  was  the  preferred  amino  acid  and  at  the  +3  position,  both 
Val  and  lie  were  highly  selected.  Phe  was  preferred  at  position  +4. 

Since  Pro  was  preferred  at  positions  -1  and  +2,  a  second  library  with  the  sequence 
Met-Ala-X-X-X-X-X-Pro-X-X-Pro-X-X-X-Ala-Lys-Lys-Lys  in  which  Pro  was  fixed  with 
two  intervening  amino  acids  was  designed  to  further  test  selectivity.  This  hbrary  also  included 
Tyr  at  the  ten  degenerate  positions.  The  general  motif  determined  by  this  library  was  similar  to 
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those  found  with  the  Tyr  fixed  peptide  library  (Fig.  3B).  In  addition,  a  Tyr  residue  was  highly 
selected  at  position  +4.  By  comparison  of  these  two  motifs  from  two  peptide  library 
selections,  the  peptide  sequence  of  Gly-Pro-Hyr-Gly-Pro-Hyr-Tyr/Phe-Ala  was  determined  to 
be  the  recognition  motif  for  LIM3  of  Enigma  (Fig.  3C).  This  peptide  sequence  is  highly 
homologous  to  the  sequence  of  exon  16  of  InsR. 

To  confirm  the  binding  motif  for  LIM3  of  Enigma,  peptides  were  used  to  disrupt  the 
complex  of  LIM3/Enigma  with  holo  InsR.  HIRC  cell  lysate  containing  InsR  was  incubated 
with  GST-LIM3  of  Enigma  without  or  with  competitor  peptides.  Binding  of  InsR  to  GST- 
LIM3  of  Enigma  was  also  inhibited  by  a  12  amino  acid  peptide  (Asp-Gly-Pro-Leu-Gly-Pro- 
Leu-Tyr-Ala-Ser-Ser-Asn)  corresponding  to  exon  16  of  InsR  but  not  by  two  mutant  peptides 
(Asp-Gly-Pro-Leu- Ala-Pro-Leu-Ala- Ala-Ser-Ser-Asn  and  Asp-Gly-AIa-Leu-Gly-AIa-Leu- 
Tyr-Ala-Ser-Ser-Asn).  These  data  confirmed  two  Pro  and  one  Tyr  residues  were  essential  for 
the  recognition  of  LIM3  of  Enigma  determined  by  the  random  peptide  library  selection.  One 
amino  acid  substitution  of  Leu  (the  residue  before  Tyr)  for  He  did  not  effect  its  ability  to 
compete  for  InsR  binding,  confirming  the  random  peptide  library  selection  of  a  hydrophobic 
residue  at  position  +3.  These  peptide  competition  results  demonstrate  that  both  the  Pro  and 
Tyr  residues  are  required  to  mediate  interaction  of  LIM3  of  Enigma  with  exon  16  of  InsR. 

4.  Differential  recognition  of  Ret/ptc2  and  InsR  by  LIM  domains  of  Enigma 

When  an  oncogenic  form  of  Ret,  Ret/ptc2,  was  used  in  a  yeast  two  hybrid  system  to 
identify  interacting  proteins,  several  SH2  and  SH3  domain  containing  proteins  and  Enigma 
were  isolated  (20).  To  determine  the  domains  of  Enigma  responsible  for  the  interaction  with 
Ret/ptc2,  regions  of  Enigma  were  cloned  into  pJG4-5  and  tested  for  their  ability  to  bind 
Ret/ptc2  expressed  as  a  LexA  fusion  protein  in  pEG202  in  yeast.  As  shown  in  Fig.  4,  full 
length  Enigma  bound  to  Ret/ptc2  and  exon  16  of  InsR  to  a  similar  extent.  The  amino  terminal 
279  amino  acids  of  Enigma  did  not  interact  with  either  Ret/p tc2  or  exon  16  of  InsR.  The 
carboxyl  terminal  275  amino  acid  containing  the  three  LIM  domains  were  responsible  for 
protein-protein  associations  with  both  InsR  and  Ret.  When  the  carboxyl  terminus  was  further 
divided  into  individual  LIM  domains,  LIM2  of  Enigma  bound  Ret/ptc2  but  not  exon  16  of 
InsR.  Conversely,  LIM3  of  Enigma  bound  exon  16  of  InsR  but  not  Ret/ptc2.  These  results 
demonstrated  that  LIM2  of  Enigma  was  both  necessary  and  sufficient  to  support  the 
association  of  Enigma  with  Ret/ptc2  and  could  be  physically  separated  from  LIM3  of  Enigma 
which  was  responsible  for  Enigma  association  with  InsR.  LIMl  of  Enigma,  which  bound  two 
atoms  of  zinc  characteristic  of  LIM  domains  (personal  communication  from  Dr.  Dennis 
Winge),  did  not  associate  with  either  ReVptc2  or  InsR. 

The  specificity  of  interaction  of  Ret/ptc2  and  InsR  with  other  LIM  domains  was  further 
examined.  As  shown  in  Fig.  5,  LIM  domains  of  Mec-3,  Isl-1,  Lmx-1,  Zyxin,  CRP,  or 
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Paxillin  did  not  recognize  Ret/ptc2  or  exon  16  of  InsR.  The  specificity  of  recognition  thus 
resides  in  the  LIM  domains  of  Enigma. 

To  investigate  whether  tyrosine  kinase  activity  was  required  for  the  association  between 
LIM2/Enigma  and  Ret,  the  EGFR/Ret  chimeric  protein  was  used.  Because  the  Ugand  for  Ret 
tyrosine  kinase  receptor  was  unknown  at  the  time  of  these  studies,  the  chimera  generated  by 
fusing  the  extracellular  and  transmembrane  domains  of  EGER  and  the  intracellular  domain  of 
Ret  was  used.  EGF  activated  the  Ret  tyrosine  kinase  activity  and  mitogenic  response  of  this 
chimera  (41).  3T3  cells  expressing  the  EGFR/Ret  were  treated  without  or  with  EGF  and  cell 
lysate  was  mixed  with  GST  or  the  GST-LIM  domains  of  Enigma.  GST-LIM2  of  Enigma 
interacted  with  phosphorylated  as  well  as  unphosphorylated  EGFR/Ret  receptors.  The 
interaction  of  LIM2  of  Enigma  with  Ret  is  thus  independent  of  ligand  activation  and  Ret 
autophosphorylation. 

5.  Mapping  of  the  site  of  interaction  of  Ret  with  Enigma. 

Mitogenic  activity  of  Ret/ptc2  requires  dimerization  via  RIa  and  the  Tyr^*^  residue 
located  carboxyl  terminal  to  the  kinase  core  of  Ret  (19).  To  determine  the  region  of  Ret 
responsible  for  association  with  LIM2  of  Enigma,  Ret/ptc2  was  divided  into  RIa  and  Ret 

tyrosine  kinase  domains  (Ret/tk)  and  their  ability  to  bind  LIM  domains  of  Enigma  was  tested  in 
yeast.  Ret/ptc2  and  mutants  were  expressed  as  LexA  fusion  proteins  in  pEG202  and  the  three 
LIM  domains  of  Enigma  were  cloned  into  the  pJG4-5  vector.  As  shown  in  Fig.  6,  Ret/tk 
recognized  the  LIM  domains  of  Enigma  but  the  RIa  fragment  did  not.  Deletion  of  the  carboxyl 
terminal  23  amino  acid  of  Ret  (C'574)  distal  to  the  conserved  tyrosine  kinase  core  abolished 
Enigma  binding,  demonstrating  that  the  carboxyl  terminal  23  amino  acids  of  Ret  was  necessary 
for  Ret  binding  to  Enigma. 

These  results  indicate  the  carboxyl  terminal  23  amino  acids  of  RET  are  necessary  for  Ret 
binding  to  Enigma.  To  determine  whether  the  carboxyl  terminal  region  of  Ret  is  sufficient  to 
support  the  binding,  the  carboxyl  terminal  61  amino  acids  of  Ret  (residues  536  to  596)  were 
expressed  as  a  GST  fusion  protein  (GST-C'/Ret)  and  tested  for  Enigma  binding.  GST  and 
GST-C'/Ret  were  immobilized  on  glutathione  agarose  and  mixed  with  full  length,  the  amino 
terminal  (N279)  or  the  carboxyl  terminal  (C275)  domains  of  Enigma  that  were  expressed  as 
HA  epitope-tagged  fusion  proteins  in  293  cells  (Fig.  7).  Equal  amounts  of  GST  and  GST- 
C’/Ret  were  assessed  for  their  ability  to  bind  Enigma  proteins.  GST-C'/Ret  interacted  with  full 
length  Enigma  as  well  as  with  the  carboxyl  terminus  containing  the  three  LIM  domains  of 
Enigma  but  failed  to  bind  the  amino  terminus  of  Enigma.  There  was  no  binding  of  any  of  the 
three  forms  of  Enigma  protein  to  GST.  Theses  results  demonstrate  that  the  carboxyl  terminal 
61  amino  acids  of  Ret  determine  the  association  of  Ret  with  Enigma. 

6.  Requirement  of  Enigma  for  mitogenic  signaling  of  Ret/ptc2 
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To  examine  the  biological  significance  of  the  interaction  between  Ret/ptc2  and  Enigma, 
the  ability  of  various  Ret/ptc2  constructs  to  stimulate  mitogenic  signaling  was  compared  with 
their  ability  to  interact  with  Enigma.  Mutations  of  Tyr  to  Phe  at  residues  429  and  539  did  not 
effect  Ret/ptc2  binding  to  Enigma  while  mutation  of  Tyr^^^  to  Phe  eliminated  Ret/ptc2 
interaction  with  Enigma  (Fig.  8).  Tyr^29  and  Tyr539  of  Re^ptc2  were  identified  as  the  binding 
sites  for  GrblO  and  PLC-y  respectively  (20).  Mutations  of  Ret/ptc2  which  failed  to  associate 
with  GrblO  and  PLC-y  had  no  significant  effect  on  mitogenic  activity,  while  mutation  of 
Tyr586  to  Phe  (Y586F)  or  deletion  of  the  carboxyl  terminal  23  amino  acids  (C'574)  of  Rel/ptc2 
completely  abolished  the  ability  to  stimulate  DNA  synthesis  (Fig.  9).  The  strong  correlation 
between  mutant  that  disrupt  Enigma  binding  and  loss  of  mitogenic  activity  suggested  that 
Enigma  was  required  for  the  mitogenic  signaling  of  Ret/ptc2. 

To  further  detremine  the  functional  role  of  Enigma  in  the  mitogenic  signaling  of  Ret/ptc2, 
co-injection  experiments  were  performed  to  attempt  to  block  mitogenesis  of  Ret/ptc2.  As 
shown  in  Fig.  10,  co-injection  of  Ret/ptc2  with  a  plasmid  which  expressed  the  three  LIM 
domains  of  Enigma  (C275)  blocked  Ret/p tc2-induced  DNA  synthesis,  while  co-injection  with 
a  full  length  Enigma  expression  construct  (FL)  had  no  effect.  These  results  support  the 
conclusion  that  Ret/ptc2  requires  Enigma  for  mitogenic  signaling.  If  Enigma  was  simply 
competing  for  binding  with  some  other  signaling  protein  then  both  full-length  Enigma  and  the 
LIM  domains  alone  should  block  signaling.  Additionally,  the  amino  terminus  of  Enigma 
lacking  LIM  domains  (N279)  did  not  block  Ret/ptc2  mitogenic  signaling.  The  mitogenic  block 
was  specific  for  the  LIM  domains  of  Enigma  because  the  LIM  domains  of  Zyxin  were  without 
effect.  It  was  also  specific  for  Ret  since  the  LIM  domains  of  Enigma  did  not  bind  EGFR  or 
block  the  mitogenic  activity  of  the  EGFR  tyrosine  kinase  analog  of  Ret/ptc2  (RI/EGFR) 
previously  shown  to  have  mitogenic  activity  (9). 

These  studies  indicate  Enigma  is  necessary  for  Ret/ptc2  mitogenic  signaling,  but  Ret 
kinase  activity  is  also  required  (9).  This  t5n'osine  kinase  activity  is  not  required  for  recruitment 
of  Enigma  to  Ret/ptc2.  Additional  components  which  are  regulated  by  tyrosine  kinase  activity 
of  Ret  must  also  be  required. 
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Conclusion 

1.  Enigma  and  InsR  endocytic  codes 

The  ability  to  specifically  recognize  the  active  endocytic  code  of  InsR  via  a  LIM  domain 
fulfills  the  first  property  of  the  endocytic  mechanism  predicted  from  study  of  kinetics  of  ligand- 
induced  saturable  high  affinity  endocytosis  of  InsR,  that  of  recognition,  but  additional  criteria 
are  necessary  to  demonstrate  Enigma  function  in  this  process.  Enigma  recognized  the 
endocytic  codes  of  exon  16  of  InsR  proportional  to  the  strength  of  the  codes  in  InsR  in  vivo 
(7,8),  but  failed  to  recognized  other  endocytic  codes.  Specificity  resided  not  only  in  the 
tyrosine-containing  tight  turn  but  in  the  LIM  domain  as  shown  by  the  inability  of  LIMl  or  2  of 
Enigma,  LIM  domains  of  Zyxin,  CRP,  Isl-1,  Lmx-1,  Mec-3  and  Paxillin  to  interact  with  exon 
16.  Although  these  observation  indicate  specificity  for  both  partners  to  the  interaction,  they  do 
not  prove  a  function  for  Enigma  which  may  act  in  ways  unrelated  to  insuUn  action.  The  two 
hybrid  system  has  high  sensitivity  for  detecting  protein  interactions,  and  it  remains  possible 
that  physiologically  relevant  interactions  with  exon  16  and  with  Enigma  will  be  quite  different 
from  those  described.  The  interaction  between  exon  16  of  InsR  and  LIM3  of  Enigma  does 
nonetheless  provide  evidence  for  a  novel  protein  interaction  mechanism. 

2.  Enigma  and  Ret  mitogenic  signaling 

In  contrast  to  LIM3  of  Enigma  binding  to  InsR,  LIM2  of  Enigma  associated 
specifically  with  Ret.  LIM2  of  Enigma  interacted  with  the  carboxyl  terminus  of  Ret  which  is 
essential  for  Ret  mitogenic  signaling.  Similar  to  InsR  binding  to  LIM3  of  Enigma,  Ret  was 
specific  for  LIM2  of  Enigma  and  did  not  bind  other  LIM  domains  tested.  The  specificity  of 
interaction  was  also  demonstrated  by  the  inability  of  LIM  domains  of  Enigma  to  interact  with 
either  full  length  or  the  intracellular  domain  of  EGFR.  In  a  nuclear  microinjection  assay,  the 
mitogenic  activity  of  Ret/ptc2  was  abolished  by  the  carboxyl  terminal  truncation  to  residue  574 
or  by  the  mutation  of  to  Phe.  Co-expression  of  three  LIM  domains  of  Enigma  blocked 
the  mitogenic  activity  of  Ret/ptc2  but  did  not  effect  the  ability  of  a  construct  analogous  to 
Ret/ptc2  encoding  RIa  residues  1-236  fused  to  the  EGFR  intracellular  domain  residues  647- 

1 186  to  stimulate  DNA  synthesis.  These  observation  indicated  that  Enigma  is  involved  in  the 
mitogenic  signaling  of  Rel/ptc2  but  not  of  EGFR.  The  amino  terminal  portion  of  Enigma 
lacking  LIM  domains  is  required  for  mitogenic  signaling  because  the  LIM  domains  alone 
ablated  the  mitogenic  signal.  This  is  the  first  description  of  a  tyrosine  kinase  oncogene  that 
requires  a  LIM  domain  containing  protein  for  mitogegic  signaling. 

3.  Role  of  tyrosine  kinase  activity 

LIM3  of  Enigma  recognized  the  major  endocytic  code  of  InsR  while  LIM2  of  Enigma 
interacted  with  the  carboxyl  terminus  of  Ret  which  is  essential  for  Ret  mitogenic  signaling. 
Interaction  of  two  LIM  domains  of  Enigma  with  these  receptors  did  not  require  either  tyrosine 
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kinase  activity  of  these  two  receptors  or  tyrosine  auto-phosphorylation  on  their  target 
sequences.  However  a  Tyr  residue  is  the  important  structural  feature  for  both  interactions. 
Mutation  of  Tyr^^^  to  Phe  of  Ret/ptc2  dramatically  decreased  its  ability  to  interact  with  Enigma 
while  mutation  of  Tyr^^^  to  Ala  of  InsR  abolished  Enigma  binding.  Unphosphorylated  or 
kinase-inactive  Ret  and  InsR  had  similar  affinities  for  association  with  Enigma,  indicating  the 
molecular  structure  of  a  Tyr  residue  rather  than  phosphorylation  of  the  Tyr  residue  is  the 
recognition  feature  between  Enigma  and  these  two  receptor  tyrosine  kinases.  For  both  the 
endocytosis  of  InsR  and  the  mitogenic  signaling  of  Ret,  tyrosine  kinase  activity  of  InsR  and 
Ret  is  essential  and  necessary.  This  indicates  that  the  interaction  of  Enigma  with  InsR  and  Ret 
is  essential  but  not  sufficient  to  support  biological  processes.  Additional  components  which 
are  regulated  by  tyrosine  kinase  activity  of  these  two  receptors  are  also  required. 

4.  Specificity  of  LIM  domain  recognition 

LIM2  of  Enigma  specifically  interacts  with  Ret  while  LIM3  of  Enigma  associates  with 
InsR.  The  Asn-Lys-Leu-Tyr  sequence  located  at  the  carboxyl  terminus  of  Ret  is  essential  for 
formation  of  the  Ret  and  Enigma  complex.  For  the  interaction  of  InsR  and  Enigma,  the  Gly- 
Pro-Leu-Gly-Pro-Leu-Tyr  sequence  of  the  juxtamembrane  region  of  InsR  is  required.  Both 
LIM2  and  LIM3  recognize  Tyr  containing  motifs  outside  of  the  t5n‘osine  kinase  cores  of  Ret 
and  InsR.  Although  the  recognition  motifs  for  LIM2  of  Enigma  and  for  LIM3  of  Enigma  share 
some  structural  similarity,  they  are  not  exchangeable.  LIM2  of  Enigma  is  specific  for  Ret  and 
LIM3  of  Enigma  only  interacts  with  InsR,  demonstrating  that  these  two  LIM  domains  have  the 
ability  to  distinguish  between  two  Tyr-based  motifs.  Individual  LIM  domains  within  a  single 
protein  can  clearly  display  distinct  partner  preferences.  Because  the  structural  features  of  the 
LIM  domains  are  highly  conserved,  sequences  other  than  the  conserved  residues  that  are 
involved  in  metal  binding  must  be  important  for  defining  the  selectivity  of  individual  LIM 
domains  for  their  particular  partner. 

Asn-Asn-Ala-Tyr-Phe  was  originally  chosen  to  mimic  or  change  the  native  EGFR 
sequence  Gln-Gln-Gly-Phe-Phe.  In  the  context  of  mutant  EGFR  it  functions  as  an  endocytic 
code  and  is  the  only  sequence  found  that  restored  endocytosis  to  kinase-inactive  EGFR. 
Although  the  structure  of  Asn-Asn-Ala-Tyr-Phe  is  unknown,  its  placement  between  sequences 
corresponding  to  helices  in  protein  kinase  A  was  expected  to  provide  exposure  perhaps  as  a 
helix-tum-helix  structure.  The  interaction  of  several  LIM  domains  with  this  structure  provides 
support  for  the  hypothesis  that  LIM  domains  recognize  exposed  Tyr-containing  motifs  (8). 

5.  Function  of  the  LIM  domains 

An  increasing  number  of  proteins  have  been  identified  to  display  one  or  more  copies  of 
LIM  domains.  The  LIM  domain-containing  proteins  function  in  a  variety  of  pathways  and 
locations  within  the  cell,  implicating  LIM  domains  as  versatile  peptide  sequences  that  are 


16 


capable  of  acting  in  diverse  cellular  contexts.  Although  the  NMR  structure  of  LIM2  of  CRP 
resembles  the  DNA  binding  domain  of  the  GATA-1  transcription  factor,  no  direct  evidence  that 
a  LIM  domain  interacts  with  nucleic  acid  has  been  presented.  Indeed,  a  lack  of  affinity  for 
target  DNA  sequence  has  been  reported  for  the  LIM  domains  of  Mec-3  (43). 

Most  available  evidence  has  indicated  that  LIM  domains  function  in  specific  protein- 
protein  interactions.  Like  SH2  and  SH3  domains,  LIM  domains  are  distributed  in  a  variety  of 
proteins  and  are  proposed  to  function  in  assembly  and  disassembly  of  protein  complexes. 
Interaction  between  two  LIM  domain-containing  proteins,  Zyxin  and  CRP,  suggested  that  self¬ 
association  may  prove  important  in  addition  to  recognition  of  motifs  such  as  tight  turns  (8,28). 
LIM  domains  in  the  transcription  factor  Lmx-1  are  necessary  for  specific  functional  interaction 
with  shPan-1  which  lacks  LIM  domains,  supporting  the  idea  that  LIM  domains  interact  with 
structural  motifs  distinct  from  other  LIM  domains  (32). 

SH2  and  SH3  domains,  although  widely  distributed  in  proteins,  exhibit  specificity  in 
interaction,  suggesting  this  must  be  tme  of  LIM  domains  to  account  for  their  wide  distribution 
in  proteins  of  differing  function.  Multiple  copies  of  each  component,  multiple  Tyr-containing 
structures  within  one  protein  and  multiple  LIM  domains  in  another  protein,  could  increase  the 
strength  of  interaction  and  broaden  recognition  properties. 

A  single  LIM  domain  has  been  shown  to  serve  as  a  specific  interface  for  protein-protein 
interaction.  Enigma  contains  three  LIM  domains  within  its  carboxyl  terminus  and  two  of  three 
LIM  domains  have  recognized  target  motifs.  LEMl  of  Enigma  that  failed  to  recognize  either 
Ret  or  InsR  is  likely  to  have  a  yet  unidentified  target  protein  in  cells.  Two  LIM  domains  in  a 
single  protein  can  interact  with  their  respective  target  proteins,  suggesting  that  proteins  with 
multiple  LIM  domains  could  function  as  a  adapter  molecules  in  assembly  of  protein  complexes. 
Alternatively,  multiple  LIM  domains  could  function  to  differentially  assemble  proteins  with 
distinct  receptors.  The  finding  that  binding  of  InsR  and  of  Ret  to  Enigma  does  not  require  the 
protein  tyrosine  kinase  activity  of  either  receptor  distinguishes  LIM  domain  interaction  from 
those  of  SH2  and  PTB  domains  which  direct  assembly  that  is  dependent  on  tyrosine  kinase 
activity  and  covalent  modifications  of  proteins  (39,44,45).  Enigma  might  become 
phosphorylated  upon  Ret  activation  or  serve  to  localize  Ret  to  a  position  required  for  kinase- 
mediated  signaling. 

Studies  on  LIM  domains  indicate  that  LIM  domains  functions  in  protein-protein 
interaction.  The  LIM  domains  belong  to  a  collection  of  protein-binding  interfaces  that 
including  SH2  and  SH3  domains  (39),  PTB  domain  (44,45)  and  the  helix-loop-helix  motif 
(46).  Whether  the  LIM  domain  participates  in  homotypic  or  heterotypic  association  with  other 
proteins,  these  interactive  domains  may  function  to  localize  a  protein  to  a  particular  subcellular 
compartment,  to  mediate  the  assembly  of  a  multimeric  protein  machine,  or  more  generally  to 


17 


regulate  the  activity  of  partner  proteins.  The  identification  of  interacting  partners  for  LIM 
domains  would  provide  an  insight  into  pathways  important  for  signal  transduction, 
development,  growth  and  cytoskeletal  rearrangements. 
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Appendices 


Enigma  Gene  Product 


GAATTCCCGTTGCTGTCGCCCAACGA6GCTCCCTGGAGCCGACGC AGAGC AGCGCCCTGGCCGGGCCAAGCAGGAGCCGGC ATC  8  4 

ATGGATTCCTTCAAAGTAGTGCTGGAGGGGCCAGCACCTTGGGGGTTCCGGCTGCAAGGGGGCAAGGACTTCAATGTGCCCCTCTCCATT  174 
MDSFKVVLEGPAPHGFRLQGGKDFNVPLSI30 

TCCCGGCTCACTCCTGGGGGCAAAGCGGCGCAGGCCGGAGTGGCCGTGGGTGACTGGGTGCTGAGCATCGATGGCGAGAATGCGGGTAGC  264 
SRLTPGGKAAQAGVAVGDWVLSIDGENAGS60 

CTCACACACATCGAAGCTCAGAACAAGATCCGGGCCTGCGGGGAGCGCCTCAGCCTGGGCCTCAGCAGGGCCCAGCCGGTTCAGAOCAAA  354 
LTHIBAQNKIRACGERLSLGLSRAQPVQSK90 

CCGCAGAAOGCCTCCOCCCCCOCCGCGGACCCTCCGCOTACACCTTTGCACCCAGCGTCTCCCTCAACAAGACGGCCCAACCCTTTGGGC  444 
PQKASAPAADPPRTPLHPASPSTRRPNPLG  120 

CCCCCCGCCCCTGACAGCCCCCCOCAGCAOAATGGACAGCCGCTCCGACCGCTGGTCCCAGATGCC AGCAAGCAGCGGCTGATGGAGAAC  534 
PPAPDSPPQQNGQPLRPLVPDASKQRLMEN  150 

AC AGAGGACTGGCGGCCGCGGCCGGGACAGGCCAGTCGCGTTCCTTCCGCATCCTTGCCCACCTCACAGGC ACCGAGTTCATGCAAG ACC  624 
TEDHRPRPGQASRVPSASLPTSQAPSSCKT  180 

CCGGATGAGGAGCACCTGAAGAAATCAAGCCAGGTGCCAGACAGAAGCCCCAGCCCCAGCCTCATCTACACCCCAGGAGCCCTQGCCTGG  714 
PDEEHLKKSSQVPDRSPSPSLIYTPGAIiAH  210 

CCCTACCGCCCCCAGCCCTACCAGCCGCCCGCCCTGGGCTGTGGACCCTGCGTTTGCCGAGCGCTATGCCCCGGACAAAACGAGCACAGT  804 
PYRPQPYQPPALGCGPCVCRALCPGQNEHS  240 

GCTGACCCACAC AGCCAGCCAGCCACGCCCACGCCGCTGCAGAGCCGCACCTCCATTGTGC AGGCAGCTGCCGOAGGGGTGCCAGGAGGG  894 
ADPHSQPATPTPLQSRTSIVQAAAGGVPGG  270 

984 
300 

1074 
330 


1164 
360 

1254 
390 

1344 
420 

1434 
450 

GCCTTCTCTCATGTGtgagccccttctgcccacagctgccgcggtggcccctagcctgaggggcctggagtcgtggccctgcatttctgg  1524 
A  F  S  H  V  455 

gtagggctggcaatggttgccttaaccctggctcctggcccgagcctgggctccctggccctgccccacccaccttatcctcccacccca  1614 
ctccctccaccaccacagcacaccggtgctggccacaccagccccctttcacctccagtgccacaataaacctgtacccagctgaaaaaa  1704 
aaaaaaaaaaaaaaactcgag  1725 


Fig.  1  The  nucleotide  and  amino  acid  sequence  of  Enigma. 

The  carboxyl  terminus  of  Enigma  isolated  from  a  HeLa  cDNA  library  using  the 
two-hybrid  system  to  detect  interaction  with  the  22  amino  acids  encoded  by  exon 
16  of  InsR  was  used  to  isolate  a  full-length  cDNA  clone  from  X.gtl  1  library.  The 
fragment  isolated  from  the  yeast  two  hyfod  system  is  indicated  by  an  arrow  and  the 
three  LIM  domains  are  boxed. 
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P-Galactosidase  Activity 

Endocytic  codes  LIM3/Enigma  Enigma 


Glu 

Gal 

Glu 

Gal 

Exon  16/IR 

QPDGPLGPLYASSNPEYLSASD 

- 

100% 

- 

100% 

APLA  mut/lR 

QPDGPLAPLAASSNPEYLSASD 

-- 

- 

APEAmut/IR 

QPDGPLGPLYASSAPEALSASD 

-- 

60% 

- 

60% 

double  mut/lR 

QPDGPLAPLAASSAPEALSASD 

- 

- 

- 

Exon  16/IGFl-R 
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Fig.  2  Specific  interaction  of  Enigma  with  endocytic  codes  of  InsR. 

Interactions  of  various  endocytic  codes  with  LIM3  and  full  length  Enigma  were  measured 
using  the  two  hybrid  system.  Numbers  refer  to  amino  acid  residues  of  the  receptors  with  the 
defined  endocytic  codes  indicated  in  bold.  Yeast  colonies  were  grown  on  X-gal  indicator 

plates  with  glucose  or  with  galactose.  P-galactosidase  activity  was  visualized  and  measured 
in  solution.  Activity  quantitated  by  solution  assay  is  expressed  as  percent  relative  to  InsR 
exon  16. 


Tyrosine  Random  peptide  Library 


22 


<  < 


TP 

•  • 

^  H  H 

Pci  S 


CO 

•  • 

CO  CM  Ci 

>f>  w 

>  H 


H  H 

o  s 


o 


H  CM 


•  • 

CO  rH  H 

W  H 


^  ^ 
•  •  • 

H  H  H 

I 

M  H  > 


+  i  i 

>1  b 


o\  in  ro 
^  •  •  • 

^  rH  tH  ^ 

H  a  > 


VO  VO  VO  ^ 


a  fri  !H  H 


*0 

a 


04  04 


^  3 

a 

.i‘i| 

g'^.S 
fe  “  s 

.■2  o  'S 

■"  Ch  »-l 
p2  ^  ^ 

S  5i  G 

m  «  2 

s.-'ii 

"  i 
di  r  ■ 

g  X  60 

g:2 
53d  y  ^ 

cd  ^ 
■O  o  T3 

2-§ 

-I  s 

^  o. 
-Q  W 

'O  ’3  ^ 
^  ^ 
tH  O 

flS  2 

’S'>  £ 

ca  3  ^ 

•Hi 

s 

'5|i 

M  I-) 

S  ^  • 
S  21? 
J-S  S 

«S  (D  3 

f'  ea.2 

•G  3  ^ 
jg  c  o 
Ja  o 

a>  <u  ^ 

&|i 

2  || 
«  D.S 
s.S  fe 

fei'i  g 
E>  o 


by  glutathione  agarose.  A  tyrosine  random  peptide  library  or  a  proline  random  peptide  library  was 
presented  to  the  purified  GST-LIM3  of  Enigma.  The  unbound  peptides  were  washed  away  and  the 
remaining  peptide  mixtures  were  sequenced  and  data  was  plotted. 
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P-Galactosidase  Activity 
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Fig.  4  Differential  recognition  of  Ret/ptc2  and  InsR  by  specific  LIM  domains  of  Enigma. 

P-galactosidase  assays  were  performed  on  yeast  expressing  the  LexA  DNA  binding  domain 

Ret/ptc2  fusion  protein  and  indicated  B42  activation  domain  fusion  proteins.  P-galactosidase 

activity  of  each  transformant  was  measured  in  solution.  Numbers  indicate  the  P-galactosidase 
activity  (units/min/ml)  quantitated  by  solution  assays. 
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Fig.  5  Comparison  of  Ret/ptc2  and  exon  16  of  DisR  interaction  with  LIM  domains. 

P-galactosidase  activity  of  each  transformant  was  visualized  on  X-gal  plates.  "+"  indicates  dark 
blue  and "  indicates  white  colonies. 
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Fig.  6  Identiflcation  of  the  carboxyl  terminus  of  Ret/ptc2  required 
for  interaction  with  the  LIM  domains  of  Enigma. 

Schematic  representations  of  Ret/ptc2  and  relative  positions  of  deletion 
mutants.  Interaction  of  the  indicated  construct  with  the  LIM  domains  of 

Enigma  was  determined  by  P-galactosidase  activity  in  the  two  hybrid 
system.  Activity  quantitated  from  solution  assay  is  expressed  as 
units/min/ml. 
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Fig.  7  Direct  association  of  Enigma  with  the  carboxyl  terminus  of 
Ret 

A,  Schematic  representation  of  Enigma  fragments  used  in  the  binding 
assay.  Full  length  and  regions  of  Enigma  were  expressed  as  HA  epitope- 
tag  fusion  proteins. 

B,  Binding  of  Enigma  to  the  carboxyl  terminal  61  amino  acids  (536-596) 
of  Ret.  293  cells  were  transfected  with  indicated  expression  vectors,  cell 
lysates  were  prepared  48  hours  later  and  incubated  with  GST  or  GST-C 
terminal  Ret.  Bound  material  was  analyzed  by  western  blotting  with 
antibody  to  the  HA  epitope  (upper).  The  bottom  panel  is  a  Coommassie 
blue-stained  gel  to  quantitate  GST  and  GST-C'/Ret  used  in  the  assays. 
The  left  panel  shows  the  amount  of  protein  in  the  lysate  prior  to 
interaction  with  GST-C'/Ret. 
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Fig.  8  Tyr586  of  Ret/ptc2  is  required  for  Enigma-Ret  interaction. 

Wild  type  and  mutations  of  Ret/ptc2  were  expressed  as  LexA  fusion 
proteins  and  were  tested  for  their  ability  to  interact  with  the  LIM  domains 
of  Enigma.  K282R  was  a  kinase-inactive  mutant.  Tyr429F,  Tyr  539F  and 
Tyr586F  were  point  mutations  of  Tyr  changed  to  Phe.  C’574  was  the 
carboxyl  terminal  23  amino  acids  tmncation  of  Ret/ptc2.  131  residues  of 
mouse  Enigma  with  95%  identity  to  the  amino  terminus  of  human  Enigma 

was  used.  This  Enigma  fragment  contained  the  LIM2  and  LIM3.  The  P- 
galactosidase  activity  of  yeast  two-hybrid  transformants  was  measured  by 
solution  assays. 
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Fig.  9  Mitogenic  activity  of  Ret/ptc2  and  mutants. 

Plasmids  expressing  either  wild  type  Ret/ptc2  and  various  mutants  were 
micoinjected  into  semm-starved  fibroblasts  and  their  ability  to  stimulate 
DNA  synthesis  were  assessed  by  Immunofluorescence  detection  of  8- 
Bromodeoxyuridine  (BrdU)  incoiporation.  The  numbers  in  parentheses 
are  the  total  number  of  injected  cells.  Plasmids  were  injected  at  a 

concentration  of  lOOpg/ml.  (*)  denotes  a  highly  significant  difference 
between  cells  injected  with  Ret/ptc2  or  Y586F  and  Ret/ptc2  or  C'574. 
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Endocytosis  of  cell  surface  receptors  requires  se¬ 
quence  “codes”  consisting  of  tight  turn  structures  with 
an  essential  Tyr  or  Phe  residue.  To  determine  mecha¬ 
nisms  through  which  cells  recognize  this  information, 
we  utilized  exon  16  of  the  human  insulin  receptor  in  the 
two-hybrid  system  to  isolate  a  novel  455-amino  acid  cy¬ 
toplasmic  protein  that  contains  two  LIM  domains  within 
its  carboxyl  terminus.  Mutational  analyses  indicate  that 
one  of  the  Cys-rich  Zn^^  binding  LIM  domains  specifi¬ 
cally  recognizes  active  but  not  inactive  endocytic  codes 
contained  in  exon  16.  These  findings  suggest  that  LIM 
domain  structures  in  proteins  provide  molecular  recog¬ 
nition  of  lyr-containing  tight  turn  structures. 


Ligand-induced  internalization  of  insulin  receptors  (InsR) 
requires  intrinsic  protein  tyrosine  kinase  activity  and  se¬ 
quences  encoded  by  exon  16  (1).  Exon  16,  which  encodes  22 
amino  acids  of  the  submembrane  domain  of  the  /3  subunit  of 
InsR,  contains  two  endocytic  sequences:  a  strong  code,  ®®°GPLY, 
and  a  weak  code,  ®®’NPEY  (2,  3).  Both  codes  form  lyr-contain- 
ing  tight  turns  in  solution  (4).  Mutation  of  GPLY  to  APIA  and 
NPEY  to  APE  A  reduced  InsR  internalization  to  32  and  87%, 
respectively,  of  the  rate  of  wild-type  InsR  and  mutation  of  both 
codes  abolished  ligand-induced  internalization  (2);  the  Y  ^  A 
change  disrupted  the  tight  turn  structure  (4).  A  IVr-containing 
tight  turn  structure  is  the  essential  recognition  motif  present  in 
endocytic  codes  of  many  receptors  (5-8).  The  requirement  for 
kinase  activity  in  signaling  receptors  reflects  in  large  part  con¬ 
formational  changes  necessary  to  expose  these  codes  (9,  10). 

Because  the  mechanisms  by  which  cells  recognize  endocytic 
codes  is  unknown,  we  used  the  two-hybrid  system  (11)  to  isolate 
a  protein  that  specifically  interacts  with  exon  16  of  human 
InsR.  This  novel  455-amino  acid  protein  contains  two  LIM  do¬ 
mains  at  its  COOH  terminus.  LIM  {lin-11  (12),  isl-1  (13),  mec-3 
(14))  was  initially  identified  as  a  Cys-rich  domain  located  at  the 
NHg  terminus  of  homeodomain  proteins  involved  in  develop¬ 
ment.  LIM  domains  have  also  been  identified  in  zyxin  and 
cCRP  that  are  associated  with  focal  adhesions  and  the  cytoskel- 
eton  (15,  16).  LIM  domains,  which  bind  Zn^"^  (17,  18)  and  are 
often  present  in  more  than  one  copy  within  proteins,  are  pro¬ 
posed  to  function  in  protein-protein  interactions  both  in  homeo¬ 
domain  proteins  that  act  in  the  nucleus  and  in  proteins  that  act 
in  the  cytoplasm  and  with  the  cytoskeleton  (12,  15). 

The  protein  which,  based  on  its  code  recognition  properties, 
we  term  Enigma  (19),  interacted  with  InsR  exon  16  through  the 
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charges.  This  article  must  therefore  be  hereby  marked  ** advertisement” 
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COOH-terminal  LIM  domain  (LIM2).  Neither  LIMl  of  Enigma 
nor  the  LIM  domains  of  mec-3  interacted  with  exon  16.  There 
was  specificity  in  target  recognition  as  well  because  mutation  of 
GPLY  to  APLA  in  InsR  exon  16  abolished  interaction,  and 
Enigma  failed  to  interact  with  fragments  of  the  low  density 
lipoprotein  receptor  (LDLR)^  (20),  transferrin  receptor  (TfR) 
(21),  and  epidermal  growth  factor  receptor  (EGFR)  (9)  that 
contain  endocytic  codes.  To  investigate  features  of  LIM  domain 
interaction  with  proteins,  a  “synthetic”  sequence  containing 
NNAYF,  a  motif  that  was  shown  to  function  in  endocytosis  of 
mutant  EGFR  (9),  was  tested  for  interaction  using  the  two- 
hybrid  system.  The  NNAYF  code  was  recognized  by  both  LIM 
domains  of  Enigma  and  by  LIM2  of  mec-3,  suggesting  that  LIM 
domains  recognize  proteins  through  interaction  with  exposed 
tyrosines  located  in  tight  turns  and  possibly  other  structures. 

EXPERIMENTAL  PROCEDURES 

The  Two-hybrid  System — Reagents  for  the  two-hybrid  system  were 
obtained  from  Dr.  Roger  Brent  (22,  23).  PCR  was  used  to  isolate  exon  16 
from  InsR  cDNA(24),  and  this  was  used  to  create  a  LexA-exon  16  fusion 
that  was  transcriptionally  inactive  but  able  to  bind  LexA  operators  (22, 
23).  This  ‘T)ait”  was  used  to  screen  a  HeLa  cell  cDNA  fusion  library  in 
the  vector  pJG4-5,  which  was  introduced  into  the  yeast  strain  EGY 
48(MATa,  His3,  Ura3-52,  Trpl,  Leu2:pLEU2LexAop6).  JG4-5  contains 
a  galactose-inducible  promoter,  SV40  T  antigen  nuclear  localization 
sequence,  B42  activation  domain,  and  the  HAl  epitope.  10®  transfor¬ 
mants  were  induced  with  galactose  (20-fold  expansion)  and  398  Leu^ 
colonies  isolated.  Three  colonies  containing  identical  inserts  were  con¬ 
firmed  by  galactose-inducible  LexA-operator-driven  j3-galactosidase  ac¬ 
tivity.  Because  the  oligo(dT)-pre pared  HeLa  cell  library  would  yield 
one-third  of  the  cDNAs  in  the  correct  reading  frame,  Enigma  is  repre¬ 
sented  in  ~1  in  3  X  10®  cDNAs  of  the  library. 

PCR  primers  were  used  to  isolate  DNA  fragments  encoding  the  en¬ 
docytic  codes  of  LDLR,  TfR,  EGFR,  and  IGF-IR.  cDNAs  containing 
mutant  InsR  exon  16  sequences  were  obtained  from  Dr.  Donald  McClain 
(2)  and  mutant  exon  16  sequences  were  isolated  by  PCR.  The  NNAYF 
code  was  made  by  annealing  two  complimentary  pairs  of  oligonucleo¬ 
tides  and  ligating  them  together  into  pEG202.  KQKWKL  and  MFSHRI 
correspond  to  helices  B  and  D,  respectively,  from  the  crystallographic 
structure  of  protein  kinase  A  (25).  DNAs  were  fused  in  frame  to  the  DNA 
binding  domain  of  the  LexA  protein  of  the  yeast  vector  pEG202  (22,  23). 

LIM2  of  Enigma  was  isolated  from  the  original  library  screening 
based  on  interaction  with  exon  16  of  InsR.  Holo-Enigma  was  made  from 
the  full-length  cDNA  isolated  from  the  SK-N-MC  cell  Agtll  library  and 
cloned  in-frame  to  the  yeast  library  plasmid  pJG4~5.  cDNA  clones  cor¬ 
responding  to  various  LIM  domains  of  Enigma  and  mec-3  were  isolated 
by  PCR  and  fused  in-frame  to  the  pJG4- 5  vector.  Sequences  of  PCR 
primers  and  of  oligonucleotides  are  available  from  the  authors.  Plas¬ 
mids  that  direct  the  synthesis  of  LIM  domains  and  holo-Enigma  were 
introduced  into  EGY48/1840  that  contained  different  LexA  fusion  en¬ 
docytic  code  proteins  using  the  lithium  acetate  procedure  (26).  All  con¬ 
structs  were  confirmed  by  dideoxynucleotide  sequencing  (U.  S.  Bio¬ 
chemical  Corp.),  and  the  expression  of  fusion  proteins  of  the  appropriate 
size  was  confirmed  by  Western  blotting  using  a-HAl  antibody  (BAbCO). 

Transformants  were  grown  on  selective  medium  (Ura"  His“  Trp"). 
Cells  from  individual  transformants  were  streaked  onto  Ura‘  His"  Trp" 


^  The  abbreriations  used  are:  LDLR,  low  density  lipoprotein  receptor; 
PCR,  polymerase  chain  reaction;  TfR,  transferrin  receptor;  EGFR,  epi¬ 
dermal  growth  factor  receptor;  IGF-IR,  insulin-like  growth  factor- 1  re¬ 
ceptor;  GST,  glutathione  S-transferase. 
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Fig.  1.  Identification  and  sequence  of  Enigma,  a,  the  nucleotide  and  amino  acid  sequence  of  the  455-residue  protein.  The  COOH  terminus 
of  Enigma  isolated  from  a  HeLa  cell  library  using  the  two-hybrid  system  to  detect  interaction  with  the  22  amino  acids  encoded  by  exon  16  of  InsR 
was  used  to  isolate  a  full-length  cDNA  clone  from  a  Agtll  cDNA  library  prepared  from  SK-N-MC  cells,  I^e  COOH-terminal  fragment  isolated  by 
the  two-hybrid  screen  is  marked  by  an  arrow,  the  LIM  domains,  LIMl  and  LIM2,  are  ftojced.  A  Gly-rich  region  with  homology  to  a  nucleotide  binding 
site  is  underlined,  b.  Northern  blot  analysis  of  2  pg  of  polyfAr  RNA  isolated  from  HeLa  and  SK-N-MC  cells.  The  7-kDa  COOH  terminus  of  Enigma 
excised  from  pJG4-5  was  used  as  a  hybridization  probe,  c,  two  full-length  cDNA  clones  were  placed  in  pBS  in  both  orientations.  mRNA  was 
transcribed  using  T7  and  T3  polymerase  and  translated  in  vitro  in  rabbit  reticulocyte  lysates.  The  ^®S-labeled  reaction  products  were  analyzed  on 
SDS-polyacrylamide  gel  electrophoresis  gels  and  autoradiographed.  d,  SK-N-MC  cells  were  fractionated  by  standard  procedures  and  aliquots 
analyzed  by  Western  blotting  with  a  Enigma.  Antibody  was  prepared  by  immunization  of  rabbits  with  the  COOH-terminal  7-kDa  fragment  of 
Enigma  made  as  a  GST  fusion  protein  in  E.  coli.  The  IgG  fraction  was  enriched  by  ammonium  sulfate  fractionation  and  immunopurified  on 
Sepharose-immobilized  7-kDa  fragment  produced  in  E.  coli  as  a  polyfHis)  fusion  protein.  Detection  was  with  HRP-conjugated  donkey  «  rabbit  Ig 
(Arnersham  Corp.). 


5-bromo-4-chloro-3-indoyl  ^-D-galactoside  plates  containing  glucose  or 
galactose  for  determination  of  p-galactosidase  activity.  Quantitative 
analysis  of  j3-galactosidase  activity  was  performed  in  liquid  culture. 


Background  levels  of  j3-galactosidase  activity  were  calculated  using  a 
buffer  only  blank  or  with  LexA  fused  to  Drosophila  bicoid  which  is  a 
standard  negative  in  the  two-hybrid  system  (22,  23).  Activity  was  cal- 
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Fig.  2.  Specificity  of  interaction  of  Enigma  with  endocytic  codes  of  InsR  a,  in  vitro  binding  of  InsR  to  LIM2  of  Enigma.  Partially  purified 
InsR  was  incubated  with  glutathione- agarose-immobilized  GST  or  GST-7kDa  Enigma,  and  the  bound  protein  was  detected  by  Western  blotting 
using  antibody  specific  for  the  /3  subunit  of  InsR.  6,  interaction  of  various  endocytic  codes  with  LIM2  and  holo-Enigma  measured  using  the 
two-hybrid  system.  Numbers  refer  to  amino  acid  residues  of  the  indicated  receptors  with  the  defined  endocytic  codes  indicated  in  bold.  Yeast 
colonies  were  grown  on  5-bromo-4-chloro-3-indoyl  /3-D-galactoside  indicator  plates  with  glucose  or  with  galactose.  /3-Gal actosidase  activity  was 
visualized  and  measured  in  solution.  Activities  quantitated  from  solution  assays  are  expressed  as  percent  relative  to  InsR  exon  16. 


culated  using  triplicates  in  three  separate  assays  according  to:  units  = 
1000  (OD42(/ODg^^ii )  when  t  =  time  and  v  -  volume.  Data  are  presented 
as  percentages  relative  to  interaction  with  exon  16  of  InsR  which  was 
set  to  100%. 

Cloning  and  Sequencing  of  Enigma — The  500-base  pair  insert  iso¬ 
lated  in  the  two-hybrid  screen  using  the  LexA-exon  16  fusion  was  used 
as  a  probe  to  screen  a  Agtll  cDNA  library  prepared  from  SK-N-MC  cells 
provided  by  Dr.  Eric  Turner,  University  of  California,  San  Diego.  Eight 
positive  clones  were  isolated,  four  of  which  contained  the  full-length 
cDNA  based  on  Northern  blot  analysis  that  identified  a  single  1.73- 
kilobase  mRNA.  The  complete  cDNA  was  sequenced  using  both  trans- 
poson  insertions  (27)  and  standard  primers  in  the  dideoxynucleotide 
chain  termination  procedure.  The  complete  sequence  was  analyzed  for 
overall  homology  and  for  domain  homology  using  the  programs  BLAST 
and  QUEST. 

Interaction  of  InsR  with  GST~LIM2 — The  500-base  pair  fragment 
which  encodes  the  7-kDa  COOH-terminal  fragment  of  Enigma  was 
excised  from  pJG4-5  by  EcoRl  and  Xhol  digestion  and  cloned  into  pBS 
(Stratagene)  at  these  sites.  The  500-base  pair  fragment  was  excised 
from  pBS  with  BamHl  and  Xhol  and  ligated  in  frame  into  pGEX-KG 
(Pharmacia).  This  plasmid  was  used  to  produce  GST-7kDa  in  bacteria 
and  the  fusion  protein  isolated  on  a  glutathione- agarose  column.  InsR 
was  purified  from  HIRc  cells  by  wheat  germ  lectin  affinity  chromatog¬ 
raphy  and  incubated  with  either  immobilized  GST  or  GST-7kDa.  Bound 
protein  was  eluted,  separated  by  SDS-polyacrylamide  gel  electrophore¬ 
sis,  and  /3  subunits  of  InsR  detected  by  Western  blotting  with  a  InsR 
antibody. 

RESULTS 

Using  the  two-hybrid  reagents  developed  by  Roger  Brent  and 
colleagues  (22,  23)  a  500-base  pair  HeLa  cell  cDNA  was  iden¬ 
tified  that  encoded  a  7-kDa  protein  fragment  that  interacted 
with  the  22  amino  acids  ^)f  exon  16.  This  cDNA  fragment  was 
used  to  isolate  a  full-length  cDNA  from  a  Agtll  cDNA  library 
prepared  from  SK-N-MC  cells  (Fig.  1).  The  cDNA  contains  an 
open  reading  frame  encoding  a  455-amino  acid  protein.  The 
cDNA  corresponds  to  a  single  mRNA  species  of  1.7  kilobase 
determined  by  Northern  blotting  (Fig.  16),  contains  a  Kozak 
sequence  at  the  initiator  Met,  and  the  reading  frame  confirms 
that  determined  for  the  COOH-terminal  7-kDa  fragment  pro¬ 
duced  as  a  fusion  protein  by  plasmid  pJG4-5  in  the  two-hybrid 


screen.  In  vitro  translation  yielded  a  55-kDa  protein  as  ex¬ 
pected  from  the  open  reading  frame  (Fig.  Ic).  Moreover,  when 
full-length  Enigma  was  placed  into  pJG4~5  it  specifically  in¬ 
teracted  with  exon  16  in  the  two-hybrid  system  (see  Fig.  2). 
Western  blotting  with  an  affinity-purified  antibody  generated 
against  the  7-kDa  fragment  confirmed  a  single  C34;oplasmic 
~  55-kDa  protein  in  SK-N-MC  (and  HeLa)  cells  in  agreement 
with  the  open  reading  frame  and  in  vitro  translation  (Fig.  IdX 

Although  Enigma  is  a  novel  protein  not  present  in  the  data 
banks,  the  7-kDa  COOH  terminus  that  interacted  with  exon  16 
in  the  two-hybrid  system  consists  predominantly  of  a  LIM  do¬ 
main.  Enigma  contains  two  LIM  domains  in  its  COOH  terminus 
which  are  highly  related  (38%  amino  acid  identity,  see  Fig.  3). 

Holo-InsR  purified  from  HIRc  cells  by  wheat  germ  lectin 
affinity  chromatography  was  bound  to  the  7-kDa  COOH  termi¬ 
nus  of  Enigma  expressed  as  a  GST  fusion  protein  but  not  to 
GST  alone  (Fig.  2q  ).  To  determine  whether  Enigma  recognized 
the  active  endocytic  codes  of  InsR,  the  two-hybrid  system  was 
used  to  measure  interaction  of  Enigma  with  mutant  exon  16 
sequences.  Both  the  7-kDa  COOH-terminal  fragment  contain¬ 
ing  LIM2  and  holo-Enigma  were  used.  A  2-amino  acid  change  in 
the  strong  endocytic  code  (GPLY  to  APLA)  almost  completely 
abolished  interaction  (Fig.  26).  A  2-amino  acid  change  in  the 
weaker  endocytic  code  (NPEY  to  APE  A)  decreased  interaction 
but  did  not  abolish  it.  No  interaction  occurred  when  both  mu¬ 
tations  were  present.  There  is  thus  strong  concordance  between 
effects  of  these  point  mutants  in  InsR  in  vivo  (2-4)  and  in  vitro 
interactions  between  Enigma  and  exon  16. 

Although  many  receptors  internalize  via  coated  pits,  speci¬ 
ficity  is  implied  by  observ’ations  that  EGFR  do  not  compete 
with  TfR  for  internalization  (28)  nor  do  InsR  compete  with 
IGF-II/mannose  6-phosphate  receptors  for  internalization  (29). 
To  investigate  specificity,  we  tested  the  interaction  of  LIM2  and 
holo-Enigma  with  endocytic  codes  from  other  receptors.  As 
shown  in  Fig.  26,  no  interaction  was  detected  using  the  two- 
hybrid  system  with  the  cvToplasmic  domains  that  contain  the 
endocytic  codes  of  IGFl-R  (30),  LDL  receptor  (LDLR)  (20),  TfR 
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Fig.  3.  The  ability  of  LIM  domains  of  Enigma  and  mec-3  to  interact  with  exon  16  of  InsR  and  the  NNAYF  synthetic  code,  a,  amino 
acid  sequence  alignment  of  the  LIM  domains  of  Enigma  and  mec-3.  b,  interaction  of  the  indicated  LIM  domains  with  exon  16  of  InsR  and  with  the 
NNAYF  synthetic  code  as  measured  by  |3-galactosidase  activity  in  the  two-hybrid  system.  Numbers  indicate  amino  acid  residues  of  the  LIM 
domains  used. 

• 

(21),  or  EGFR  (9).  Interaction  between  LIM2  of  Enigma  and  the  Specificity  for  LIM2  recognition  of  exon  16  was  examined 

GPLY  strong  endocytic  code  of  InsR  thus  showed  high  specific-  using  LIMl  of  Enigma  and  LIMl  and  LIM2  of  mec-3  (14).  Fig. 
ity.  An  interaction  was  detected  with  a  sequence  containing  a  3a  shows  the  alignment  of  the  LIM  domains  of  Enigma  and 
synthetic  “idealized”  endocytic  code  (NNAYF)  that  was  demon-  mec-3 ^  and  Fig.  3b  shows  that  neither  LIMl  of  Enigma  nor  LIM 
strated  to  functioR  in  EGFR  (9).  Although  NNAYF  was  not  domains  1  or  2  of  mec-3  recognized  exon  16.  The  specificity  of 
recognized  when  substituted  for  a  single  endocytic  code  of  Enigma  for  exon  16  of  InsR  thus  resides  in  LIM2.  Similar  to  the 
EGFR,  a  significant  interaction  was  observed  when  it  was  ex-  results  seen  with  holo-Enigma,  LIMl  and  the  LIM  domains  of 
pressed  in  two  copies  in  a  predicted  helix-turn-helix  as  occurs  mec-3  failed  to  recognize  endoc>1;ic  codes  of  IGFl-R,  LDLR,  TfR, 
in  native  EGFR  w'here  two  endocytic  codes  are  separated  by  a  and  EGFR  (data  not  shown). 

predicted  helical  region  (9,  31).  The  interaction  of  holo-Enigma  The  ability  of  LIM2  of  Enigma  to  specifically  recognize  the 
was  stronger  than  the  interaction  of  LIM2  with  the  NNAYF  active  endocytic  code  of  exon  16  of  InsR  provided  an  initial 
code.  approach  to  determine  the  sequence  necessary  to  constitute  an 
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active  and  specific  LIM  domain.  LIM2  was  divided  into  a  core 
and  a  COOH-terminal  extension  based  on  homology  among 
LIM  domains  (12,  15)  (Fig.  3a).  As  shown  in  Fig.  36,  neither 
part  alone  interacted  with  exon  16,  indicating  that  only  the 
completo  LIM2  structure  containing  -50  amino  acids  and  two 
coordination  sites  (Cys=^-His  and  Cys^)  (16)  constitutes  a 
fully  functional  LIM  domain. 

The  ability  of  Enigma  to  recognize  NNAYF,  a  synthetic  code 
in  the  context  of  surrounding  helices,  suggested  this  might 
serve  as  a  general  target  for  LIM  domains.  As  shown  in  Fig.  36, 
both  LIMl  and  LIM2  of  Enigma  and  LIM2  of  mec-3  recognized 
this  structure  equally  well.  A  portion  of  LIM2  of  Enigma  (resi¬ 
dues  393-441),  which  failed  to  recognize  exon  16,  weakly  rec¬ 
ognized  the  NNAYF  synthetic  code  but  LIMl  of  mec-3  did  not. 
This  suggests  that  tight  turns  containing  an  aromatic  residue 
are  a  more  general  motif  for  LIM  domain  binding  when  pre¬ 
sented  in  an  appropriate  context.  Variations  in  the  sequence  of 
tight  turns  and  of  LIM  domains  provide  specificity  for  protein- 
protein  interactions. 

DISCUSSION 

The  ability  to  specifically  recognize  the  active  endocytic  code 
of  InsR  via  a  LIM  domain  fulfills  the  first  property  of  the 
endocytic  mechanism  predicted  from  study  of  the  kinetics  of 
ligand-induced  saturable  high  affinity  endoc3dosis  of  receptors, 
that  of  recognition  (9),  but  additional  criteria  are  necessary  to 
demonstrate  function  in  this  process.  Enigma  recognized  the 
endocytic  codes  of  exon  16  of  InsR  proportional  to  the  strength 
of  the  codes  in  holo-InsR  in  vivo  (2-4),  but  failed  to  recognize 
other  endocytic  codes.  Specificity  resided  not  only  in  the  tyro¬ 
sine-containing  tight  turn  hut  in  the  LIM  domain  as  shown  by 
the  inability  of  LIMl  of  Enigma  and  both  LIMl  and  LIM2  of 
mec-3  to  interact  with  exon  16.  Although  these  observations 
indicate  specificity  for  both  partners  to  the  interaction,  they  do 
not  prove  a  function  for  Enigma  which  may  act  in  ways  unre¬ 
lated  to  insulin  action.  The  two-hybrid  system  has  high  sensi¬ 
tivity  for  detecting  protein  interactions  (11),  and  it  remains 
possible  that  physiologically  relevant  interactions  with  exon  16 
and  with  Enigma  will  be  quite  different  from  those  described. 
The  interactions  between  exon  16  of  InsR  and  LIM2  of  Enigma 
do  nonetheless  provide  evidence  for  a  novel  protein  interaction 
mechanism.  NMR  analysis  of  peptides  corresponding  to  exon 
16  of  InsR  indicates  that  the  GPLY  sequence  is  a  tight  turn 
stmcture  (4).  The  NMR  structure  of  the  LIM  domain  of  CRP 
indicates  it  is  largely  composed  of  j3  sheets  surrounding  a  hy¬ 
drophobic  core  with  the  a  Zn^*  atom  coordinated  at  each  end 
(32).  The  present  studies  indicate  that  a  LIM  domain  structure 
can  interact  with  a  tyrosine-containing  tight  turn.  The  finding 
that  the  ‘"generic”  code  NNAYF  was  recognized  equally  well  by 
both  LIM  domains  of  Enigma  and  by  LIM2  of  mec-3  suggests 
that  LIM  domains  provide  the  structural  basis  for  recognition 
of  other  tyrosine-containing  tight  turn  structures. 

NNAYF  was  originally  chosen  to  mimic  or  change  the  native 
EGFR  sequence  QQGFF  (9).  In  the  context  of  mutant  EGFR  it 
functions  as  an  endoc3rtic  code  (9)  and  is  the  only  sequence 
found  that  restored  endocytosis  to  kinase-inactive  EGFR.^  Al¬ 
though  the  structure  of  NNAYF  is  not  known,  its  placement 
between  sequences  corresponding  to  helices  in  protein  kinase  A 
is  expected  to  provide  exposure  perhaps  as  a  helix-turn-helix. 
The  interaction  of  several  LIM  domains  with  this  structure 
provides  support  for  the  hypothesis  that  LIM  domains  recog¬ 
nize  exposed  tyrosine-containing  motifs.  LIM  domains  may  ad¬ 
ditionally  recognize  DNA  or  other  structures  (32). 

LIM  domains  are  proposed  to  function  in  protein-protein  rec¬ 
ognition  in  a  variety  of  contexts  including  gene  transcription 


^  H.  S.  Wiley  and  G,  N.  Gill,  unpublished  data. 


and  development  (12-14, 33-35)  and  in  cytoskeletal  interaction 
(15,  16).  Like  SH2  and  SH3  domains  (36),  LIM  domains  are 
distributed  in  a  variety  of  proteins  and  are  proposed  to  function 
in  assembly  and  disassembly  of  protein  complexes.  Interactions 
between  two  LIM  domain-containing  proteins,  zyxin  and  cCRP, 
suggest  that  self-association  may  prove  important  (15,  16)  in 
addition  to  recognition  of  motifs  such  as  tight  turns.  LIM  do¬ 
mains  in  the  transcription  factor  lmx-\  are  necessary  for  spe¬ 
cific  functional  interaction  with  shPan-1  which  lacks  LIM  do¬ 
mains  (37),  supporting  the  idea  that  LIM  domains  interact  with 
structural  motifs  distinct  from  other  LIM  domains.  Although 
the  spacing  of  Cys  and  His  residues  is  the  central  structural 
motif  of  LIM  domains  providing  for  coordination  of  Zn^'^  to  create 
structures  that  bear  homology  to  Zn^^  fingers,  there  is  signifi¬ 
cant  variation  in  the  intervening  amino  acid  sequence  (32).  SH2 
and  SH3  domains,  although  widely  distributed  in  proteins,  ex¬ 
hibit  specificity  in  interactions  (38),  suggesting  this  must  be 
true  of  LIM  domains  to  account  for  their  wide  distribution  in 
proteins  of  differing  function.  Multiple  copies  of  each  compo¬ 
nent,  i.e.  multiple  tight-turn  structures  within  one  protein  and 
multiple  LIM  domains  in  another  protein,  could  increase  the 
strength  of  interactions  and  broaden  recognition  properties. 
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The  ret/ptc2  papillary  thyroid  cancer  oncogene,  an 
oncogenic  form  of  the  c-Ret  receptor  tyrosine  kinase,  is 
the  product  of  a  somatic  crossover  event  fusing  the 
dimerization  domain  of  the  type  la  regulatory  subunit 
of  cyclic  AMP-dependent  protein  kinase  (RI)  with  the 
tyrosine  kinase  domain  of  c-Ret.  Mitogenic  activity  of 
Ret/ptc2  required  dimerization  via  the  N  terminus  of  RI 
and  a  tyrosine  residue  located  C-terminal  to  the  kinase 
core  of  Ret,  Tyr-586  (Durick,  K.,  Yao,  V.  J,,  Borrello,  M. 
G.,  Bongarzone,  I.,  Pierotti,  M.  A.  and  Taylor,  S.  S.  (1995) 
J,  BioL  Chem,  270,  24642-24645).  Using  the  yeast  two- 
hybrid  system,  Ret/ptc2  binding  proteins  were  identi¬ 
fied,  and  the  sites  of  interaction  with  Ret/ptc2  were 
mapped.  The  SH2  domains  of  phospholipase  Cy  and 
GrblO  were  both  identified,  and  binding  depended  on 
phosphorylation  of  Tyr-539  and  Tyr-429,  respectively. 
These  interactions,  however,  were  not  required  for  mi¬ 
togenic  signaling.  The  second  of  the  three  LIM  domains 
in  Enigma  (Wu,  R.  Y.,  and  Gill,  G.  N.  (1994)  J,  BioL  Chem. 
269,  25085-25090)  was  also  identified  as  a  Ret/ptc2  bind¬ 
ing  domain.  Enigma,  a  455-residue  protein,  was  discov¬ 
ered  based  on  its  interaction  with  the  insulin  receptor 
through  the  C-terminal  LIM  domain.  Although  the  asso¬ 
ciation  with  Enigma  required  Tyr-586  of  Ret/ptc2,  the 
interaction  was  phosphorylation-independent.  In  con¬ 
trast  to  the  SH2  interactions,  disruption  of  the  interac¬ 
tion  with  Enigma  abolished  Ret/ptc2  mitogenic  signal¬ 
ing,  suggesting  that  LIM  domain  recognition  of  an 
unphosphorylated  tyrosine-based  motif  is  required  for 
Ret  signal  transduction. 


The  c-ret  proto-oncogene  encodes  a  receptor  tyrosine  kinase 
with  a  cadherin-like  extracellular  domain  (1).  Mutations  of 
c-ret  are  responsible  for  two  distinct  classes  of  genetic  disease. 
Germline  loss  of  function  mutations  in  c-ret  result  in  the  de¬ 
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velopmental  disorder  Hirschsprung’s  disease  (2,  3),  while  acti¬ 
vating  mutations  result  in  the  multiple  endocrine  neoplasia 
family  of  inherited  cancers  (4-7).  In  addition  to  the  germline 
alterations,  somatic  mutational  events  lead  to  constitutively 
active  forms  of  c-ret,  and  these  are  found  in  nearly  half  of  all 
papillary  type  thyroid  carcinomas  (8). 

Chromosome  translocations  or  inversions  in  papillary  thy¬ 
roid  carcinoma  (ptc)^  give  rise  to  various  fusion  proteins  where 
the  C-terminal  tyrosine  kinase  domain  of  c-Ret  is  fused  to  an 
N-terminal  portion  of  another  gene  product.  One  of  the  result¬ 
ant  transforming  proteins,  observed  in  multiple  independent 
cases  of  ptc,  was  the  product  of  a  crossover  between  the  type  la 
regulatory  subunit  of  cyclic  AMP-dependent  protein  kinase  (RI) 
gene  with  c-ret  (9).  This  protein,  Ret/ptc2,  is  596  residues  in 
length  and  contains  the  N-terminal  two-thirds  of  RI  followed  by 
the  entire  tyrosine  kinase  domain  of  c-Ret  (10).  Using  a  micro¬ 
injection-based  assay  for  mitogenic  activity,  we  previously 
showed  that  the  N-terminal  dimerization  domain  of  RI  was 
essential  for  constitutive  activation  of  Ret/ptc2  (11). 

In  the  absence  of  a  known  ligand,  studies  of  Ret  signaling 
have  been  done  using  activated  forms  of  the  Ret  tyrosine  ki¬ 
nase,  like  Retyptc2,  or  a  chimeric  epidermal  growth  factor/Ret 
kinase  receptor.  It  was  suggested  from  work  with  the  EGFR/ 
Ret  chimera  that  Ret  couples  to  a  novel  mitogenic  signaling 
pathway  because,  while  growth  stimulatory  effects  were  as 
strong  as  those  of  the  EGF  or  platelet-derived  growth  factor 
receptors,  stimulation  of  mitogen-activated  protein  kinases  and 
PLCy  by  Ret  was,  in  comparison,  very  weak  (12).  Work  with 
Ret/ptc2  indicated  that  both  intrinsic  protein  tyrosine  kinase 
activity  and  a  tyrosine  residue  (T3rr-586)  located  outside  the 
kinase  core  were  absolutely  required  for  Ret/ptc2-induced 
mitogenesis  (11). 

A  yeast  two-hybrid  screen  was  used  to  identify  the  presumed 
Src  homology  2  (SH2)  or  phosphotyrosine  binding  domain  that 
interacts  with  Tyr-586  of  Ret/ptc2.  The  SH2  domains  of  PLCy 
and  GrblO  were  both  found  to  interact  with  Ret,  but  neither 
bound  at  Tyr-586.  Mutations  in  Ret/ptc2,  which  interfered  with 
these  SH2  interactions,  had  no  effect  on  the  mitogenic  activity. 
A  protein  that  interacted  with  Tyr-586  was  identified  as 
Enigma  (13).  This  interaction  was  found  to  be  highly  specific, 
mediated  by  the  second  of  the  three  LIM  domains  of  Enigma 
and  independent  of  Ret  phosphorylation  or  activity.  Disruption 
of  the  interaction  of  Ret/ptc2  with  Enigma,  either  by  mutation 
of  Tyr-586  in  Ret/ptc2  or  by  co-expression  with  a  dominant 
negative  form  of  Enigma,  abolished  the  mitogenic  activity  of 
Ret/ptc2. 

EXPERIMENTAL  PROCEDURES 

Two-hybrid  Screen— A  yeast  two-hybrid  screen  was  performed  by  the 
methods  of  Vojtek  et  aL  (14),  with  reagents  from  Stan  Hollenberg. 
Ret/ptc2  cDNA  was  subcloned  into  the  LexA-fusion  vector  pBTM116 
and  coexpressed  in  the  L40  strain  of  Saccharomyces  cerevisiae  with  an 
embryonic  mouse  random  primed  cDNA  libraiy.  From  approximately 
two  million  co- transform  ants,  seven  interacted  specifically  with  the  Ret 
portion  of  Ret/ptc2.  The  cDNA  inserts  of  these  were  sequenced  by  the 
dideoxy  method  (15),  and  sequences  obtained  were  compared  with  the 
contents  of  GenBank  using  the  BLAST  program  through  the  NIH/NCBI 


^  The  abbreviations  used  are:  ptc,  papillary  thyroid  carcinoma;  RI, 
type  la  regulatory  subunit  of  cyclic  AMP-dependent  prolein  kinase; 
PLCy,  phospholipase  C-y;  GST,  glutathione  S-transferase;  EGF,  epi¬ 
dermal  growth  factor;  EGFR,  epidermal  growth  factor  receptor;  SH2, 
Src  homology  2. 
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Fig.  1.  Requirements  for  interaction  of  GrblO,  PLCy,  and  Enigma  with  Ret.  a,  schematic  representation  shownng  the  location  of  tyrosines 
that  are  required  for  interaction  with  the  SH2  domains  of  GrblO  and  PLCy  and  the  second  LIM  domain  of  Enigma.  The  coiresponding  residims 
in  c-Ret  are  indicated,  and  the  EGFR/Ret  chimera  used  in  panel  c  is  shown,  b,  analysis  of  mutant  Ret/ptc2  interactions  using  the  yeast  two-hybnd 
system.  The  indicated  mutant  of  Ret/ptc2  and  GrblO  SH2,  PLCy  SH2,  or  LIM  2/3  of  Enigma  were 

measured  using  solution  assays  of  the  reporter  p-galactosidase.  Y586F  also  contained  Ro88T.  The  mean  ±  f  <<»'  ®ach  interacUn^r 

is  shown,  c,  in  vitro  interactions  between  GST-fusion  proteins  and  the  EGFR/Ret  chimenc  receptor  C^nai  mH3T3  "f 

chimeric  receptor  were  treated  (+)  or  not  treated  (-)  with  EGF  before  lysis  Western  blots  of  EGF^et  that 

proteins  are  shown.  Gels  were  run  in  parallel,  blotted  to  polyvinylidene  difluonde  membranes,  and  probed  with  anti-Ret  (left)  or  anti-phospho- 
tyrosine  antibodies  (right). 


server  on  the  World  Wide  Web.  Three  library  vectors  encoded  the 
following  mouse  sequences:  the  C-terminal  155  residues  of  GrblO  (16); 
156  residues  that  share  97%  identity  with  residues  537-693  of  rat 
PLC72  (17);  and  131  residues  with  95%  identity  to  the  C-terminal  131 
residues  of  human  Enigma  containing  all  of  LIM2  and  LIM3  (13). 

^-Galactosidase  Assay— Two  hybrid  transformants  were  assayed  for 
/3-galactosidase  activity  by  solution  assay  (18).  Units  of  activity  were 
calculated  as:  activity  =  1750(A42o)/((time  in  min)(volume  of  culture  in 
assay)(A6oo  of  culture)). 

GST-Fusion  Affinity  Precipitation -Two-hyhrid  results  were  verified 
using  a  stably  transfected  NIH3T3  cell  line  expressing  an  EGFR/Ret 
chimeric  protein  (12).  These  cells  were  treated  vrith  100  nw  EGF  for  10 
min  before  resuspension  in  lysis  buffer  (50  mM  HEPES,  pH  7.4, 150  mM 
NaCl,  5  mM  KCl,  1  mM  CaCl2, 1  mM  MgS04, 10%  glycerol,  1%  Triton,  1 
mM  benzamidine,  1  mM  tosylphenylalanyl  chloromethyl  ketone,  1  mM 
iV^-p-tosyl-L-lysine  chloromethyl  ketone,  1  mM  phenylmethylsulfonyl 
fluoride,  1  mM  NaV04).  Cleared  lysates  were  incubated  for  2  h  with  2  pg 
of  GST-fusion  protein  bound  to  glutathione-agarose  beads  in  a  total 
volume  of  300  p\.  The  beads  were  washed  four  times  with  lysis  buffer, 
resuspended  in  SDS-polyacrylamide  gel  electrophoresis  sample  buffer, 
boiled,  and  run  on  7%  gels.  Proteins  were  transferred  to  polyvinylidene 
difluoride  membranes  and  probed  with  either  rabbit  anti-Ret  (11)  (1: 
100,000)  or  anti-phosphotyrosine  (1:2500,  Transduction  Laboratories) 
antibodies.  The  GST-fusion  proteins  used  were  bacterially  expressed 
from  pGEX  vectors  coding  for  the  following:  GST,  empty  vector;  GST- 
Grb2,  murine  Grb2  SH2  domain;  GST-Enigma,  human  Enigma  LIM2 
domain  (residues  334-394);  GST-Src,  murine  v-Src  SH2  domain;  GST- 
PLCy,  murine  PLCy  SH2  domain  1  obtained  from  the  two-hybrid 
screen;  GST-GrblO,  murine  GrblO  SH2  domain  obtained  from  the  two- 
hybrid  screen. 

Microinjection  Mitogenic  Activity  Assoy— The  development  of  this 
assay  is  described  in  detail  elsewhere  (11).  Briefly,  mouse  lOTl/2  fibro¬ 
blasts  were  plated  on  glass  coverslips  and  grown  to  70%  confluence  in 
Dulbecco  s  modified  Eagle’s  medium  containing  10%  fetal  bovine  serum. 
The  coverslips  were  then  transferred  to  Dulbecco’s  modified  Eagles 


medium  containing  0.05%  calf  serum.  After  24  h  of  serum  starvation, 
the  cells  were  injected  into  their  nuclei  with  solutions  of  injection  buffer 
(20  mM  Tris,  pH  7.2,  2  mM  MgCls,  0.1  mM  EDTA,  20  mM  NaCl)  contain¬ 
ing  100  p-g/ml  Reyptc2  expression  plasmid  DNA  and  8  mg/ml  rabbit  IgG 
(Sigma).  For  co-injection  experiments,  200  /utg/ml  of  a  second  expression 
plasmid  was  also  present.  All  microinjection  experiments  were  per¬ 
formed  using  an  automatic  micromanipulator  (Eppendorf,  Fremont, 
CA),  with  glass  needles  pulled  on  a  vertical  pipette  puller  (Kopf,  Tu- 
junga,  CA).  Entiy  into  S-phase  was  assessed  through  incorporation  of 
the  thymidine  analog  5-bromodeoxyuridine  and  its  subsequent  detec¬ 
tion  by  immunostaining.  Injected  cells  were  identified  by  immuno- 
staining  of  the  rabbit  IgG  injection  marker. 

RESULTS 

Yeast  Two-hybrid  Interactions -To  search  for  proteins  that 
interact  with  the  Ret/ptc2  oncogenic  protein,  a  mouse  random- 
primed  cDNA  library  was  screened  using  a  yeast  two-hybrid 
system  (14).  Three  sequences  isolated  from  the  library  by  in¬ 
teraction  with  Ret/ptc2  matched  the  SH2  domain  of  GrblO,  the 
first  SH2  domain  of  PLCy,  and  a  C-terminal  fragment  of 
Enigma  that  contained  LIM  domains  2  and  3  (LIM2/3).  The 
interaction  of  Ret  with  PLCy  and  GrblO  has  been  observed 
previously  (12,  19).  Using  the  two-hybrid  system,  the  interac¬ 
tions  of  these  proteins  with  Ret  were  characterized. 

Mutants  of  Ret/ptc2  were  prepared  and  interactions  were 
quantitated  by  j3-galactosidase  activity  (Fig.  lb).  The  SH2  do¬ 
mains  failed  to  interact  with  a  kinase-inactive  mutant  of  Ret/ 
ptc2  (K282R),  indicating  that  these  interactions  depended  on 
autophosphorylated  tyrosine  residues.  In  contrast  to  the  SH2 
domains,  binding  of  the  LIM2/3  was  not  diminished  in  the 
kinase-inactive  mutant.  By  testing  for  interaction  between  the 
SH2  domains  and  various  Tyr  to  Phe  mutants  of  Ret/ptc2, 
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Fig.  2.  Requirements  for  the  association  between  Ret/ptc2  and 
Enigma,  a,  mapping  of  binding  determinants  in  Retyptc2.  Various 
fragments  of  Retyptc2,  shown  schematically,  were  used  in  the  yeast 
two-hybrid  system  to  measure  interaction  with  the  product  of  a  plasmid 
expressing  full-length  Enigma.  /3-Gal actosidase  activity  of  transfor¬ 
mants  was  measured  by  solution  assay,  and  values  shown  are  averages 
of  duplicate  assays.  The  same  pattern  was  observed  in  results  from 
three  separate  experiments  with  full-length  Enigma,  the  C-terminal 
half  containing  the  LIM  domains,  or  LIM2  alone,  b,  tyrosine  autophos¬ 
phorylation  of  Ret/ptc2  mutants.  Lysates  of  yeast  transformed  with 
plasmids  expressing  fragments  shown  in  panel  a  were  run  on  10% 
SDS-polyacrylamide  gel  electrophoresis,  blotted  to  nitrocellulose,  and 
probed  as  in  Fig.  Ic.  Anti-PY,  anti-phosphotyrosine.  c,  specificity  of  the 
LIM  domains  of  Enigma  for  Ret/ptc2.  pJG4-5  plasmids  coding  for 
full-length  CRP,  the  three  LIM  domains  of  Zyxin  (residues  339-542), 
and  the  three  LIM  domains  of  Enigma  (residues  275-455)  were  co¬ 
transformed  into  yeast  with  either  Retji^,  the  pEG202  plasmid  express¬ 
ing  the  Ret  kinase  with  an  intact  C  terminus,  or  EGFR^k,  a  pEG202 
construct  containing  the  intracellular  domain  of  EGFR.  ^-Galactosid- 
ase  activity  was  assessed  by  streaking  transformants  on  5-bromo-4- 
chloro-3-indoyl  /3-D-galactoside  plates.  +  +  +,  denotes  dark  blue  after  12 

h  of  incubation  compared  with  white  ( - )  that  was  equivalent  to 

background  after  24  h. 


residues  required  for  GrblO  and  PLCy  binding  were  identified 
as  Tyr-429  and  Tyr-539,  respectively.  Both  the  GrblO  and 
PLCy  SH2  domains  bound  to  the  Y586F  mutant,  but  binding  to 
the  Enigma  LIM  domains  was  eliminated  by  this  mutation  and 
by  a  mutation  in  which  the  C-terminal  23  residues  of  Ret  were 
deleted  (C'574). 

In  Vitro  Binding  to  Ret  —  Yo  verify  the  two-hybrid  results, 
affinity  precipitation  experiments  were  performed.  The  binding 
domains  from  PLCy,  GrblO,  and  Enigma  were  expressed  in 
Escherichia  coli  as  GST-fusion  proteins.  The  three  GST-fusion 
proteins  were  incubated  with  lysates  of  NIH3T3  cells  express¬ 
ing  the  EGFR/Ret  chimeric  receptor  (Fig.  la),  where  EGF-de- 
pendent  activation  of  EGFR/Ret  has  been  characterized  (12).  In 
each  case  binding  to  EGFR/Ret  from  lysates  of  EGF-treated 
cells  was  observed  (Fig.  Ic).  Results  shown  were  using  a  GST- 
fusion  protein  of  only  LIM2  from  Enigma,  because  Enigma 
binding  to  Ret  was  determined  to  be  mediated  by  LIM2.^  GST- 


^  Wu,  R.-Y.,  Durick,  R.,  Songyang,  Z.,  Cantley,  L.  C.,  Taylor,  S.  S.,  and 
Gill,  G.  N.  (1996)  J.  Biol.  Chem.,  in  press. 


Percent  of  Cells  with  BrdU  Incorporation 

Fig.  3.  Effect  of  mutations  in  Ret  that  disrupt  association  with 
Enigma  and  of  co-expression  with  the  LIM  domains  of  Enigma 
on  mitogenic  activity  of  RET/ptc2.  a,  effects  of  mutations  in  Ret^ 
ptc2.  Serum-starved  mouse  fibroblasts  (lOTl/2)  were  microinjected 
with  plasmids  expressing  either  wild-type  Ret/ptc2  or  various  mutants 
and  then  assessed  for  entry  into  S-phase  by  immunofluorescent  detec¬ 
tion  of  5-bromodeoxyuridine  (BrdlJ)  incorporation.  The  fraction  of  in¬ 
jected  cells  positive  for  5-bromodeoxyuridine  incorporation  is  shown 
with  error  bars  displaying  the  95%  confidence  interval  calculated  using 
the  standard  error  of  proportion.  The  numbers  in  parentheses  are  the 
total  number  of  injected  cells.  Plasmids  were  injected  at  a  concentration 
of  100  p,g/ml.  Asterisk  denotes  a  highly  significant  difference  between 
cells  injected  with  Ret/ptc2  or  Y586F  and  Ret/ptc2  or  C'574  ip  <  0.001). 
b,  effects  of  co-expression  of  Enigma  and  its  fragments.  Serum-starved 
fibroblasts  were  microinjected  with  a  mixture  of  two  of  the  following 
expression  plasmids:  Ret/ptc2  or  RI/EGFR,  a  construct  analogous  to 
Ret/ptc2  with  the  EGFR  intracellular  domain  in  place  of  the  Ret  kinase, 
plus  either  con,  control  empty  plasmid;  C275,  the  C-terminal  275  resi¬ 
dues  of  Enigma  containing  LIM  domains  1,  2,  and  3;  FL,  full-length 
Enigma;  N279,  N-terminal  279  residues  of  Enigma  lacking  LIM  do¬ 
mains;  or  Zyxin,  LIM  domains  from  Zyxin,  residues  339-452.  In  each 
case  Ret/ptc2  and  RI/EGFR  constructs  were  injected  at  100  p-g/ml,  while 
the  other  constructs  were  present  at  200  pg/ml.  Double  asterisk  denotes 
a  highly  significant  difference  between  cells  injected  with  Ret/ptc2+con 
or  Ret/ptc2-tC275  (p  <  0.001). 

fusion  proteins  with  the  SH2  domains  of  Grb2  and  v-Src  were 
also  expressed  and  tested  for  in  vitro  binding.  Neither  GST 
alone  nor  GST-Grb2  bound  to  the  EGFR/Ret  chimera.  The  SH2 
domain  of  v-Src,  however,  did  interact  with  EGFR/Ret,  and 
interaction  with  all  three  GST-SH2  domains  required  EGF- 
stimulated  receptor  autophosphorylation.  In  contrast,  interac¬ 
tion  with  GST-LIM2  of  Enigma  did  not  require  receptor  auto¬ 
phosphorylation.  Grb2  served  as  a  negative  control  because  Ret 
has  two  splice  isoforms  (10).  The  long  form  binds  to  Grb2  (20) 
while  the  short  form,  used  in  all  of  the  constructs  described 
here,  does  not  contain  the  Grb2  consensus  site.  Both  isoforms  of 
Ret  are  mitogenic  (12). 

Characterization  of  the  Ret-Enigma  Interaction —  Because 
the  LIM2  domain  of  Enigma  bound  at  a  site  crucial  for  the 
mitogenic  activity  of  Ret,  this  interaction  was  investigated 
further.  Using  an  inducible  two-hybrid  system  (21,  22),  where 
higher  expression  levels  were  achieved,  it  was  possible  to  ob¬ 
serve  the  phosphorylation  state  of  Ret  using  anti-phosphoty- 
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rosine  antibodies.  Enigma  bound  to  both  Retyptc2  and  to  the 
Ret  tyrosine  kinase  alone  (Rettk)  but  did  not  bind  to  either 
when  the  ("-terminal  23  residues  were  deleted  (C'574,  Fig.  2a). 
The  interaction  was  not  dependent  upon  the  phosphorylation 
state  of  Ret  because  Ret^j^  was  not  phosphorylated  on  tyrosine 
in  the  absence  of  the  dimerization  domain  of  RI,  whereas  Ret/ 
ptc2  underwent  tyrosine  autophosphorylation  (Fig.  26,  lanes 
Ret^^  and  Ret/ptc2). 

Based  on  optical  densitometry,  the  extent  of  tyrosine  phos¬ 
phorylation  of  Ret/ptc2  and  the  C-terminal  deletion  Ret/ptc2 
C'574  were  equivalent.  Because  deletion  of  the  C  terminus  of 
Ret/ptc2  did  not  decrease  the  phosphotyrosine  content  by  a 
detectable  amount,  Tyr-586,  the  only  tyrosine  in  the  C  termi¬ 
nus  of  this  isoform  of  Ret,  does  not  appear  to  be  a  major  site  of 
autophosphorylation.  Results  using  both  the  EGFR/Ret  chi¬ 
mera  and  Ret/ptc2  thus  indicated  that  interaction  with  Enigma 
required  the  C  terminus  containing  Tyr-586  but  was  independ¬ 
ent  of  tyrosine  autophosphorylation  of  Ret. 

The  interaction  between  LIM2  of  Enigma  and  Ret  was  spe¬ 
cific  because  LIM  domains  from  other  proteins  failed  to  interact 
with  Ret  (Fig.  2c).  Another  tyrosine  kinase,  EGFR,  failed  to 
interact  with  the  LIM  domains  of  Enigma  either  in  the  two- 
hybrid  system  (Fig.  2c)  or  in  GST-fusion  binding  reactions 
(data  not  shown). 

Effect  of  Enigma  on  Retlptc2  Mitogenic  Activity —The  func¬ 
tional  significance  of  the  association  between  Ret  eind  Enigma 
was  investigated  in  vivo  using  microinjection.  Various  Ret/ptc2 
expression  constructs  were  injected  into  nuclei  of  serum- 
starved  fibroblasts,  and  the  capacity  of  these  constructs  to 
induce  DNA  s3mthesis  was  assayed  by  monitoring  incorpora¬ 
tion  of  the  thymidine  analog  5-bromodeoxyuridine.  Mutations 
in  Ret/ptc2  that  blocked  association  with  GrblO  (Y429F)  or 
PLCy  (Y539F)  had  no  significant  effect  on  mitogenic  activity, 
while  mutation  of  Tyr-586  to  Phe  or  deletion  of  the  C  terminus 
of  Ret/ptc2  completely  blocked  the  ability  of  Ret/ptc2  to  induce 
DNA  synthesis  (Fig.  3a). 

The  strong  correlation  between  mutants  that  failed  to  bind 
Enigma  and  loss  of  mitogenic  activity  suggested  that  Enigma 
was  either  required  for  the  mitogenic  signaling  of  Ret/ptc2  or 
that  some  other  protein,  which  was  not  detected  in  the  two- 
hybrid  screen,  also  binds  at  Tyr-586.  To  discriminate  between 
these  two  possibilities,  co-injection  experiments  were  per¬ 
formed  to  attempt  to  block  the  Ret/ptc2  mitogenic  signal.  Co¬ 
injection  of  Ret/ptc2  with  a  plasmid  that  expressed  the  three 
LIM  domains  of  Enigma  (C275,  Fig.  36)  blocked  Ret-induced 
DNA  synthesis,  while  co-injection  with  full-length  Enigma  had 
no  effect.  These  results  support  the  conclusion  that  Ret/ptc2 
requires  Enigma  for  mitogenic  signaling.  If  Enigma  was  simply 
competing  for  binding  with  some  other  signaling  protein,  then 
both  full-length  Enigma  and  the  LIM  domains  alone  should 
block  signaling,  given  that  both  interact  with  Ret  with  an 
equivalent  affinity.^  The  inhibition  of  mitogenesis  was  specific 
to  the  LIM  domains  of  Enigma  because  the  LIM  domains  of 
Zyxin  (23)  were  without  effect.  It  was  also  specific  for  Ret 
because  the  LIM  domains  of  Enigma  did  not  block  the  mito¬ 
genic  activity  of  the  EGFR  tyrosine  kinase  analog  of  Ret/ptc2 
(RI/EGFR)  previously  shown  to  have  mitogenic  activity  in  this 
assay  (11). 

DISCUSSION 

LIM  domains  contain  approximately  50  amino  acids,  bind 
two  atoms  of  Zn^^,  and  are  found  in  a  variety  of  homeodomain 
proteins  (24),  cytoskeleton-associated  proteins  (23,  25),  protein 
kinases,  and  proteins  of  unknown  function  (26).  Enigma  was 
originally  discovered  as  a  protein  that  binds  to  exon  16  of  the 
insulin  receptor  (13)  at  a  tyrosine-based  sequence  important  for 
receptor  internalization,  and  that  interaction  is  through  the 


C-terminal  LIM  domain  of  Enigma,  LIM3.  In  the  present 
study.  Enigma  bound  to  Ret  via  the  LIM2  domain  to  a  sequence 
required  for  mitogenic  signaling.  LIM3  of  Enigma  is  highly 
specific  for  the  Tyr-based  motif  in  the  insulin  receptor  whereas 
LIM2  is  highly  specific  for  the  Tyr-586-based  motif  in  Ret.^  The 
N-terminal  portion  of  Enigma  is  required  for  mitogenic  signal¬ 
ing  because  co-injection  of  only  the  LIM  domains  with  Ret/ptc2 
ablated  the  mitogenic  signal,  while  co-injection  with  full-length 
Enigma  did  not. 

As  shown  here,  Enigma  is  required  for  Ret/ptc2  mitogenic 
signaling  while  previous  results  established  that  Ret  tyrosine 
kinase  activity  was  also  required  (11).  Kinase  activity,  how¬ 
ever,  is  not  required  for  recruitment  of  Enigma  to  Ret/ptc2. 
Enigma  binds  to  a  tyrosine-containing  sequence  in  an  activa¬ 
tion-independent  manner,  and  this  is  clearly  different  from 
SH2  or  phosphotyrosine  binding  domain  interactions.  Enigma 
might  either  become  phosphorylated  upon  Ret  activation  or 
serve  to  localize  Ret  to  a  subcellular  position  required  for  ki¬ 
nase-mediated  signaling.  In  either  case,  these  results  define  a 
novel  mechanism  for  mitogenic  signaling. 
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LEV!  domains,  Cys-rich  motifs  containing  approxi¬ 
mately  50  amino  acids  found  in  a  variety  of  proteins,  are 
proposed  to  direct  protein-protein  interactions.  To  iden¬ 
tify  structural  targets  recognized  by  LIM  domains,  we 
have  utilized  random  peptide  library  selection,  the 
yeast  two-hybrid  system,  and  glutathione  S-transferase 
fusions.  Enigma  contains  three  LEVf  domains  within  its 
carboxyl  terminus  and  LIM3  of  Enigma  specifically  rec¬ 
ognizes  active  but  not  mutant  endocytic  codes  of  the 
insulin  receptor  (InsR)  (Wu,  R.  Y.,  and  Gill,  G.  N.  (1994) 
«f.  Biol.  Chetn,  269,  25085~>25090).  Interaction  of  two  ran¬ 
dom  peptide  libraries  with  glutathione  S-transferase- 
L1M3  of  Enigma  indicated  specific  binding  to  Gly-Pro- 
Hyd-Gly-Pro-Hyd-Tyr-Ala  corresponding  to  the  major 
endocytic  code  of  InsR.  Peptide  competition  demon¬ 
strated  that  both  Pro  and  Tyr  residues  were  required  for 
specific  interaction  of  InsR  with  Enigma.  In  contrast  to 
LIM3  of  Enigma  binding  to  InsR,  LIM2  of  Enigma  asso¬ 
ciated  speciEcally  with  the  receptor  tyrosine  kinase, 
Ret.  Ret  was  specific  for  LIM2  of  Enigma  and  did  not 
bind  other  LIM  domains  tested.  Mutational  analysis  in¬ 
dicated  that  the  residues  responsible  for  binding  to 
Enigma  were  localized  to  the  carboxyl-terminal  61 
amino  acids  of  Ret.  A  peptide  corresponding  to  the  car¬ 
boxyl-terminal  20  amino  acids  of  Ret  dissociated 
Enigma  and  Ret  complexes,  while  a  mutant  that 
changed  Asn-Lys-Leu-Tyr  in  the  peptide  to  Ala-Lys-Leu- 
Ala  or  a  peptide  corresponding  to  exon  16  of  InsR  failed 
to  disrupt  the  complexes,  indicating  the  Asn-Lys-Leu- 
Tyr  sequence  of  Ret  is  essential  to  the  recognition  motif 
for  LIM2  of  Enigma.  We  conclude  that  LIM  domains  of 
Enigma  recognize  tyrosine-containing  motifs  with  spec¬ 
ificity  residing  in  both  the  LEM  domains  and  in  the  tar¬ 
get  structures. 


LIM  domains  contain  about  50  amino  acids  and  have 
a  cysteine-rich  sequence:  CX;,CA’i6_23CX;,HX2CA’2CA'2CXi6_23- 
CX2C  (1 ).  The}'  bind  two  atoms  of  Zn^^  with  coordination  being 
S4.  S3N1,  S3O1.  or  SoNjOj  {2k  The  NMR  structure  of  the  car- 
box>'l-terminal  LIM  domain  of  chicken  cysteine-rich  protein 
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(CRP)^  revealed  that  the  two  binding  modules  are  located 
at  the  ends  of  a  hydrophobic  core  composed  of  anti  parallel  /S 
sheets  (3).  LIM  domains  were  initially  recognized  in  the  pri¬ 
mary  sequences  of  the  homeodomain  proteins  Lin  11  (4),  Isl-1 
(5),  and  Mec-3  (6)  and  have  subsequently  been  identified  in  a 
variety  of  homeodomain  proteins  (7,  8),  in  cytoskeleton -associ¬ 
ated  proteins  (9,  10),  in  LIM  domain-only  proteins  (11-13).  in 
protein  kinases  (14),  and  in  proteins  of  undefined  function  (8). 

Most  LIM  proteins  contain  more  than  one  LIM  domain.  The 
sequence  of  an  individual  LIM  domain  is,  in  general,  more 
closely  related  to  the  same  LIM  domain  in  analogous  proteins 
from  other  species  than  to  other  LIM  domains  within  the  same 
protein  (8).  Although  the  NMR  structure  of  LIM2  of  CRP  re¬ 
sembles  the  DNA  binding  domain  of  the  GATA-1  transcription 
factor  (3),  most  available  evidence  indicates  that  LIM  domains 
function  in  protein-protein  rather  than  protein-DNA 
interactions. 

Two  structural  targets  for  LIM  domains  have  been  identi¬ 
fied.  Using  gel  overlay  techniques,  Schmeichel  and  Beckerle 
(15)  found  that  the  LIM  domains  of  zyxin  interacted  with  the 
LIM-only  protein  CRP.  Specificity  w-as  evident  from  the  obser¬ 
vation  that  LIMl  but  not  LIM2  or  LIM3  of  zyxin-bound  CRP. 
Feurstein,  et  al.  (16)  also  found  evidence  for  LIM-LIM  interac¬ 
tions  involving  CRP  but  did  not  observe  specificity  for  the  LIM 
domain.  The  carboxyl -terminal  LIM  domain  of  the  cytoplasmic 
protein  Enigma  was  found  to  specifically  interact  with  exon  16 
of  the  insulin  receptor  (InsR)  (17).  Mutations  in  exon  16  that 
disrupted  the  major  endocytic  code  and  ligand -induced  endocy- 
tosis  of  InsR  (18)  also  disrupted  interaction  with  Enigma.  The 
endocytic  code  of  InsR,  like  that  of  many  receptors  ( 19  ),  consists 
of  4-6  amino  acids  that  form  a  tyrosine-containing  tight  turn 
(20).  A  generalized  tight-turn  motif,  which  functioned  in  endo- 
cytosis  of  mutant  EGFR  (21),  and  which  contained  two  copies  of 
an  Asn-Asn-Ala-Tyr-Phe  motif  interacted  with  a  wider  range  of 
LIM  domains,  suggesting  that  specific  Tyr-based  tight  turns 
would  provide  interaction  targets  for  sp>ecific  LIM  domains. 
There  is  functional  evidence  for  LIM  domain  interactions  with 
a  variety  of  transcription  factors  (22-24),  suggesting  that  ad¬ 
ditional  target  specificities  exist. 

We  recently  found  that  in  addition  to  InsR,  Enigma  specifi¬ 
cally  interacted  with  the  receptor  tyrosine  kinase  Ret  (25). 
Given  that  Enigma,  which  contains  three  LIM  domains  at  its 
carboxyl  terminus,^  was  found  to  interact  with  tw^o  receptor 
tyrosine  kinases,  determining  the  molecular  basis  of  this  rec¬ 
ognition  became  important.  W>  found  that  LIM2  of  Enigma 


*  The  abbreriation?  used  are:  CRP,  cystcine-rich  protein;  InsR.  insu¬ 
lin  receptor;  Ret,  receptor  tyrosine  kinase:  EGF,  epidermal  gro\Nth 
factor;  EGFR,  epiderma)  grow-th  factor  receptor;  GST.  glutathione  S- 
transferase;  HA,  hemagglutinin;  phosphot\Tosine  binding. 

The  LIM  domains  of  Enigma  are  numbered  from  amino-  to  carboxyl- 
terminal  location  in  the  protein.  LIM3  equals  LIM2  in  Wu  and  Gill  ( 17 1, 
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specifically  recognized  Ret  whereas  LIM3  of  Enigma  specifi¬ 
cally  recognized  InsR.  Detailed  analysis  of  the  target  sites 
indicated  both  LIM2  and  LI  M3  recognize  Tyr-containing  motifs 
located  outside  the  tyrosine  kinase  cores  of  Ret  and  InsR. 
Indi\idual  LIM  domains  thus  have  the  ability  to  distinguish 
between  Tyr-based  motifs  providing  a  mechanism  for  specific- 
itv  in  both  the  LIM  domain  and  in  the  target.  This  is  of  special 
interest  given  the  requirement  of  the  target  of  LIM2  in  Ret  for 
mitogenic  signaling  and  of  the  target  of  LIM3  in  InsR  for 
endoc\tosis. 

EXPERIMENT.^L  PROCEDURES 

Materials -The  Caenorhabditis  elegans  MeC'3  cDNA  was  obtained 
from  Dr.  Serge  Lichsteiner,  University  of  California  Berkeley,  Berkeley, 
CA.  the  zvTcin  and  CRP  cDNAs  were  obtained  from  Dr.  Mary  C. 
Beckerle.  University  of  Utah,  Salt  Lake  City,  Utah;  the  cDNAs  of  Isl-1 
and  Xlm-1  were  obtained  from  Dr.  Mark  Montminy,  The  Salk  Institute, 
La  Jolla,  CA;  and  the  cDNA  encoding  the  LIM  domains  of  paxillin  were 
obtained  from  Dr.  Michael  Brown.  State  University  of  New  York,  S>t- 
acuse.  W.  The  ReUptc2  clone  was  a  gift  from  Dr.  M.  Pierotti,  Institute 
Nationale  Tumori,  Milan,  Italy.  NTH3T3  cells  overexpressing  the 
EGFRRet  chimera  were  a  gift  of  Dr.  Pier  P.  Di  Fiore.  European  Insti¬ 
tute  of  Oncoiog>’,  Milan.  Italy  (26).  Fluorescence-activated  cell  sorting 
emploNing  the  528  monoclonal  anti-EGFR  antibody  was  used  to  isolate 
a  subline  expressing  high  levels  of  this  chimeric  receptor.  The  12CA5 
anti-HA  antibody  was  purchased  from  BAbCO,  Berkeley,  CA;  the  anti- 
InsR  antibody  (27  >  was  a  gift  of  Dr.  Lvmn  Seely,  University  of  California 
San  Diego.  La  Jolla,  CA.  and  the  anti-phosphotyrosine  antibody  PY-20 
was  from  Transduction  Laboratories  (Lexington,  A  rabbit  poly- 
cloncal  anti-Ret  antibody  was  raised  against  the  20-amino  acid  peptide 
(Lvs-Arg-Arg-Asp-T\T-Leu-Asp-Leu-Ala-Ala-Ser-Thr-Pro-Ser-Asp-Ser- 
Ilu-T>T-Asp  *  of  the  carboxyl  terminus  of  the  shorter  splice  isoform  of  Ret 
'28*.  The  residue  numbering  in  the  present  report  follows  that  of  Ret/ 
ptc2.  For  comparison  with  residue  numbering  in  c-Ret,  see  Durick  et  al. 
-29'. 

Synthesis  and  Purification  of  Peptides -Peptides  were  sjmthesized 
on  an  Advanced  Chemtech  MPS  350  at  the  Center  for  Molecular  Ge¬ 
netics  Peptide  Synthesis  Facility  -L’niversity  of  California,  San  Diego  i 
using  Fmoc  (;V-(9-fluorenyl)methoxycarbonyl)  chemistiy’.  Peptides  were 
dissolved  in  water  and  purified  on  a  Sephadex  G-15  column  equili¬ 
brated  in  0.12  M  triethylammonium  bicarbonate.  Peak  fractions  (mon¬ 
itored  at  Aj-^  or  were  dried  in  a  speed  vac  (Savant),  resuspended 
in  water,  and  dried  until  the  pH  became  neutral  (total  of  four  times). 
Peptides  containing  Trp  were  quantitated  using  and  an  extinction 
coefficient  of  5600  .\i  Vm  \  Tvr-containing  peptides  were  quantitated 
using  and  an  extinction  coefficient  of  1400  M  ^em  'V  The  peptide 
lacking  any  absorptive  amino  acid  w'as  quantitated  using  amino  acid 
analysis. 

Mammalian  Expression  Wc/ors- The  HA  expression  plasmid  was 
constructed  by  subcloning  a  DNA  fragment  that  encoded  a  Met  initia¬ 
tion  codon  and  an  HA  epitope  tag  into  the  mammalian  expression  vector 
pcDN’A3  iIn\itrogen'  at  the  BamHI  and  BcoRI  sites  of  the  polylinker 
region.  cDNA  clones  corresponding  to  various  regions  of  Enigma  were 
excised  from  the  pJG4-5  yeast  expression  vector  using  the  restriction 
enz\Tnes  BcoRI  and  Xho\  and  fused  in-frame  to  the  HA  epitope-tagged 
vector.  The  Ret  ptc2  and  mutant  Ret^ptc2  constructs  in  the  RC/CM\’ 
expression  plasmid  tIn\itrogen)  were  prepared  as  described  elsew-here 
(29 1.  All  constructs  w’ere  confirmed  by  sequencing  (U.  S.  Biochemical 
Corp. ' 

Production  of  GST  Fusion  Proteins -Construction  of  plasmids  ex¬ 
pressing  GST  fusion  proteins  with  the  LIM  domains  of  Enigma  has  been 
described  '17;.  Two  polynurase  chain  reaction  primers  were  s>Tithe- 
sized  and  used  to  isolate  a  DNA  fragment  encoding  the  carboxyl-termi- 
na!  61  amino  acids  (residues  536-596)  of  Ret.  The  pohnnerase  chain 
reaction  product  bearing  5'  £co RI  and  3'  Sail  sites  was  cloned  into  the 
polyiinker  region  pGEX-KG  (Pharmacia  Biotech  Inc.'.  GST  fusion  pro¬ 
teins  were  prepared  using  standard  procedures  and  the  fusion  proteins 
were  immobilized  on  glutathione  agarose  beads  (Sigma). 

The  Yeast  Two-hybrid  Sysfrm  -  Reagents  and  procedures  for  the 
Lex-A  based-yeast  two-hybrid  system  were  utilized  ‘30).  cDNAs  coding 
wild  type  and  mutant  Ret'ptc2  were  used  to  create  LexA-Ret/ptc2  fusion 
proteins.  cDNA  fragments  coding  all  the  tested  LIM  domains  were 
isolated  by  using  Pfu  polymerase  and  oligonucleotides  that  contained 
EcoRI  and  Xho\  sites  and  fused  in-frame  to  the  pJG4-5  vector.  Plasmids 
that  direct  the  synthesis  of  LIM  domains  and  full-length  Enigma  were 
introduced  into  EGy48/1840  yeast  that  contained  different  LexA  fusion 


Ret/ptc2  constructs  using  the  lithium  acetate  procedure.  All  constructs 
were  confirmed  by  dideoxynucleotide  sequencing,  and  the  expression  of 
fusion  proteins  of  the  appropriate  size  was  confirmed  by  Western  blot¬ 
ting  with  anti-HA  antibody  (BAbCO).  ^-Galactosidase  activity  was  vi¬ 
sualized  on  5-bromo-4-chloro-3-indoyl  ^-D-galactoside  galactose-con¬ 
taining  plates  or  measured  in  solution  according  to  Current  Protocols  of 
Molecular  Biology  (31).  Yeast  cells  were  grown  in  the  presence  of 
glucose  or  galactose  and  resuspended  in  an  equal  volume  of  buffer  Z 
(100  mM  NaPO^,  10  mM  KCl,  1  xnM  MgS04,  50  mM  ^-mercaptoethanol 
Cells  were  diluted  1:10  ot  1:20  with  buffer  Z  and  permeabilized  by  SDS 
and  chloroform.  o-Nitrophenyl  3-p-galactopyra noside  was  used  as  a 
substrate  and  the  reaction  was  stopped  when  a  medium-yellow  color 
had  developed.  Activity  was  calculated  according  to:  units  =  1000 
(A42(/A^  tv)  when  t  =  time  and  v  -  volume  (17). 

Affinity  Precipitation  and  Peptide  Competition  Assays  —  NIH3T3  cells 
overexpressing  the  EGFRRet  chimera  or  EGFR  were  treated  with  100 
nM  EGF  for  10  min  at  37  ®C.  Treated  and  untreated  cells  were  lysed 
with  a  solution  containing  50  mM  Hepes  (pH  7.4),  19c  Triton  X-100.  lO^c 
glycerol,  150  mM  NaCl.  5  mM  KCl,  1  m.M  EDTA,  2  mM  phenylmethyl- 
sulfonyl  fluoride,  1  mM  Na3V04,  10  mM  benzamidine,  10  ^/ml  of 
aprotinin  and  leupeptin.  Rati  cells  (HIRCi  overexpressing  InsR  (18' 
and  293  cells  expressing  Enigma  or  ReUptc2  were  lysed  in  a  similar 
fashion.  The  293  cells  were  transfected  with  the  HA-Enigma  or  deletion 
mutants  using  the  calcium  phosphate  precipitation  procedure  (32'. 
Expression  of  Ret/ptc2  and  mutant  Ret(ptc2  was  accomplished  simi¬ 
larly.  Cells  were  harv’ested  48  h  after  transfection.  The  lysates  were 
incubated  with  GST  fusion  proteins  that  were  immobilized  on  glutathi¬ 
one  agarose  beads  for  1  h  at  4  ®C  with  continuous  agitation.  For  assay 
of  peptide  competition,  the  indicated  concentrations  of  peptides  w'ere 
mixed  with  lysates  prior  to  incubation  with  GST  fusion  proteins.  Beads 
were  then  washed  four  times  with  lysis  buffer.  Material  bound  to  beads 
was  resolved  by  electrophoresis  and  probed  with  antibodies  to  Ret, 
InsR.  Enigma,  phosphotvTOsine,  or  HA. 

RESULTS 

Identification  of  the  Recognition  Motif  for  LIM3  of  Enig¬ 
ma— To  determine  the  recognition  motif  for  the  LIM3  domain 
of  Enigma,  a  random  peptide  library  selection  technique  was 
used  to  study  the  consensus  binding  site.  Random  peptide 
library  selection  has  been  successfully  used  to  determine  the 
sequence  specificity  of  the  peptide-binding  sites  of  SH2  and 
SH3  domains  as  well  as  the  optimal  substrates  of  protein 
kinases  (33,  34  ).  We  constructed  a  fixed  tyrosine  peptide  library* 
comprising  peptides  of  the  sequence;  Met-Ala-X-X-X-X-Tyr-X- 
X-X-A'-Ala-Lys-Lys-Lys,  where  X  indicates  all  amino  acid  ex¬ 
cept  Trp,  Cys,  Ser.  Thr,  or  Tyr.  Trp  and  Cys  were  omitted  to 
avoid  problems  with  sequencing  and  oxidation.  The  total  the¬ 
oretical  degeneracy  of  this  library  is  15^.  The  Met-Ala  sequence 
at  the  amino  terminus  provides  tw^o  amino  acids  to  verify*  that 
peptides  from  this  mixture  are  being  sequenced.  Sequencing  of 
these  two  residues  also  provides  quantitation  of  the  peptides 
present.  Ala-12  provides  a  second  quantitation  and  an  estimate 
of  how  much  peptide  loss  occurred  during  sequencing.  The 
poly-Lys  tail  prevented  wash-out  during  sequencing  and  im¬ 
proved  the  solubility  of  the  mixtures. 

LIM3  of  Enigma  was  expressed  as  a  GST  fusion  protein  in 
Escherichia  coli.  The  fusion  protein  was  immobilized  on  gluta¬ 
thione  agarose  and  incubated  with  the  tyrosine  peptide  library*. 
Unbound  peptides  were  washed  away  and  bound  peptides  were 
released  by  acid  and  subjected  to  micro-sequencing.  The  amino 
acids  preferentially  selected  by  LIM3  of  Enigma  at  positions 
-4,  -3,  -2,  -1  amino-terminal  to  the  Tyr  residue  and  -^1.  +2. 
+  3,  +4  carboxyl -terminal  to  the  Tyr  residue  are  shown  in  Fig. 
LA.  The  greatest  selectivity  was  observed  at  the  -1  and  -*-2 
positions  w*here  Pro  w  as  preferred.  At  the  -2  position,  glycine 
w^as  the  preferred  amino  acid  and  at  the  +3  position,  both  Val 
and  He  w'ere  highly*  selected.  Phe  w*as  preferred  at  position  -^4. 

Because  Pro  was  preferred  at  positions  and  -)-2,  a  second 
library  with  the  sequence  Met-Ala-X-X-X-X-X-Pro-X-X-Pro-A'- 
X-X-Ala-Lys-Lys-Lys  in  which  Pro  was  fixed  with  two  interv^en- 
ing  amino  acids  was  designed  to  further  test  selectivity.  This 
library^  lacks  only  Cys  and  Trp  and  has  a  degeneracy  of  18^^. 
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TyiroslziQ  RaLndon  peptide  Libr&ry 

♦1  ♦2  4-3  44 

0(1.3)  P(1.9)  V(2.4)  F(1.4) 
H(1.3)  1(2.3)  H(1.4) 


4l  42 

X  X  0(2.1)  P  *(1.6)  0(1.4)  P 

F(1.6) 

Y(1.6) 

1(1.4) 

c 

Consensus:  G  P  Hyd  G  P  Hyd  Y/F  A 

Exonl6/lnsR:  G  PLG  PLYa 

Fig.  1.  Substrate  speciflcity  of  LIM3  of  Enigma  determined  by  binding  degenerate  peptide  libraries.  Values  in  parentheses  indicate 
the  relative  selecti\ity  for  the  amino  acids  and  X  indicates  no  selectivity.  The  one-letter  amino-acid  code  is  used.  LIM3  of  Enigma  was  eiqiressed 
as  a  GST  fusion  protein  and  immobilized  on  glutathione  agarose.  A  Tyr-fixed  random  peptide  library  04 1  or  a  Pro-fixed  random  peptide  library’ 
was  presented  to  the  immobilized  GST-LIM3^'Enigma.  The  unbound  peptides  were  washed  away  and  the  retained  peptide  mixture  was  sequenced. 
The  consensus  peptide  sequence  is  compared  to  the  endocjtic  code  of  exon  16  of  InsR  (C). 


♦3  +4  +5 

1(1.9)  Y(1.7)  A(1.7) 
11(1.5)  F(1.4) 

V(1.3) 


-4  -3  -2  -1  0 

E(1.7)  K(1.7)  G(1.5)  P(2.0)  Y 
1(1.4)  1(1.4) 

V(1.4) 

Prollne  Random  peptide  Library 
-4  -3  -2  -1  0 


This  library  also  included  T>t  at  the  10  degenerate  positions. 
The  general  motif  determined  by  this  library  was  similar  to 
those  found  with  the  Tyr-flxed  peptide  library  (Fig.  LB).  In 
addition,  a  Tyr  residue  was  highly  selected  at  position  +4.  By 
comparison  of  these  tw’o  motifs  from  tw  o  peptide  library  selec¬ 
tions,  the  peptide  sequence  of  Gly-Pro-Hyd-Gly-Pro-Hyd-Tyr/ 
Phe-Ala  was  determined  to  be  the  recognition  motif  for  LIM3  of 
Enigma  (Fig.  1C).  This  peptide  sequence  is  highly  homologous 
to  the  sequence  of  exon  16  of  InsR. 

To  confirm  the  binding  motif  for  LIM3/Enigma,  peptides 
were  tested  for  their  capacity  to  disrupt  the  complex  of  LIM3/ 
Enigma  with  holo  InsR.  HIRC  cell  lysates  containing  InsR  were 
incubated  with  GST-LIM3Tlnigma  without  or  with  competitor 
peptides.  As  shown  in  Fig.  2,  binding  of  InsR  to  GST-LIM3/ 
Enigma  w’as  inhibited  by  a  12-amino  acid  peptide  (Asp-Gly- 
Pro-Leu-Gly-Pro-Leu-Tyr-Ala-Ser-Ser-Asn)  corresponding  to 
exon  16  of  the  InsR  but  not  by  mutant  peptides  (Asp-Gly-Pro- 
Leu-Ala-Pro-Leu-Ala-Ala-Ser-Ser-Asn  and  Asp-Gly-Ala-Leu- 
Gly-Ala-Leu-Tyr-Ala-Ser-Ser-Asn),  The  single  substitution  of 
the  Leu  immediately  preceding  the  Tyr  for  He  did  not  affect  its 
ability  to  compete  for  InsR  binding,  confirming  the  random 
peptide  librar\^  selection  of  a  hydrophobic  residue  at  position 
+  3.  These  peptide  competition  results  demonstrate  that  both 
the  Pro  and  Tyr  residues  are  required  to  mediate  interaction  of 
LIM3  of  Enigma  with  exon  16  of  InsR. 

Differential  Recognition  of  Retlptc2  and  InsR  by  LIM  Do¬ 
mains  of  Enigma— When  an  oncogenic  form  of  Ret,  Ret/ptc2, 
was  used  in  a  yeast  two  hybrid  screen  to  identify  interacting 
proteins,  several  SH2  domain  containing  proteins  and  Enigma 
w’ere  isolated  (25).  To  determine  the  domains  of  Enigma  re¬ 
sponsible  for  this  interaction  with  Ret/ptc2,  regions  of  Enigma 
w’ere  cloned  into  pJG4— 5  and  tested  for  their  ability  to  bind 
Ret/ptc2  expressed  as  a  LexA  fusion  protein  in  pEG202  in 
yeast.  As  shown  in  Fig.  3A,  full-length  Enigma  bound  similarly 
to  Ret/ptc2  and  exon  16/InsR.  The  amino-terminal  279  amino 


acids  of  Enigma  did  not  interact  with  either  Ret'ptc2  or  exon 
16/InsR.  The  carboxyl-terminal  275  amino  acids  containing  the 
three  LIM  domains  were  thus  responsible  for  protein-protein 
interactions  with  both  Ret  and  InsR.  When  the  three  LIM 
domains  of  Enigma  were  divided  into  individual  LIM  domains, 
LIM2  of  Enigma  bound  Ret/ptc2  but  not  exon  16/TnsR.  Con¬ 
versely,  LIM3  of  Enigma  bound  exon  16/InsR  but  not  Reb^ptc2. 
These  results  demonstrate  that  LIM2  of  Enigma  was  respon¬ 
sible  for  the  association  of  Enigma  with  Ret^ptc2  and  could  be 
physically  separated  from  LIM3  of  Enigma  which  was  respon¬ 
sible  for  Enigma  association  with  InsR.  LIMl  of  Enigma,  which 
bound  two  atoms  of  zinc  characteristic  of  LIM  domains^  did  not 
associate  with  either  RET/ptc2  or  InsR. 

The  specificity  of  interaction  of  Ret/ptc2  and  InsR  with  other 
LIM  domains  w-as  further  examined.  As  shown  in  Fig.  3B,  LIM 
domains  of  Mec-3,  Isl-1,  Lmx-l.  zyxin,  CRP,  and  paxillin  did 
not  recognize  Ret/ptc2  or  exon  16/InsR.  The  specificity  for  rec¬ 
ognition  thus  resides  in  the  LIM  domains  of  Enigma. 

Mapping  the  Interaction  Site  of  of  Ret  with  Enigma -Dele- 
tion  of  the  carboxyl  terminus  of  Ret/ptc2  distal  to  the  conserved 
tyrosine  kinase  core  abolished  both  mitogenic  acti\ity  and 
Enigma  binding  (25).  To  determine  w’hether  the  carboxvl-ter- 
minal  region  of  Ret  is  sufficient  to  support  the  interaction,  the 
carboxyl-terminal  61  amino  acids  of  ReVptc2  (residues  536  to 
596)  were  expressed  as  a  GST  fusion  protein  (GST-C’/Ret)  and 
tested  for  their  ability  to  bind  Enigma.  GST  and  GST-C'/Ret 
were  immobilized  on  glutathione  agarose  and  mixed  with  full- 
length,  amino-terminal  or  carboxyl -terminal  domains  of 
Enigma  that  were  expressed  as  HA  epitope-tagged  fusion  pro¬ 
teins  in  293  cells  (Fig.  4A).  Equal  amounts  of  GST  and  GST- 
C'/Ret  were  assessed  for  their  ability  to  bind  these  Enigma 
proteins  (Fig.  4B).  GST-C'/Ret  bound  full-length  Enigma  and 
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Fig.  2.  Peptide  competition  with  InsR  binding  to  LIM3  of 
Enigma  {A)  lysates  of  Rati  cells  that  overexpressed  InsR  were 
incubated  with  GST-LIM3/Enigma  in  the  presence  of  varying 
concentrations  of  the  indicated  peptides.  GST  beads  were  washed 
and  the  associated  InsR  eluted  and  detected  by  Western  blotting  using 
an  antibody  specific  to  the  /3  subunit  of  InsR.  B,  bound  receptor  was 
quantitated  by  scanning  densitometrj'  and  plotted  against  the  concen¬ 
tration  of  competitor  peptide.  The  amount  bound  in  the  absence  of 
competitor  peptide  was  set  at  lOOC?. 

the  carboxyl  terminus  containing  the  three  LIM  domains  of 
Enigma  but  failed  to  bind  the  amino  terminus  of  Enigma. 
There  w^as  no  binding  of  any  of  the  three  forms  of  Enigma 
protein  to  GST.  These  results  indicate  that  the  carboxyl-termi- 
nal  61  amino  acids  of  Ret  contain  the  motif  that  is  required  for 
the  association  of  Ret  with  Enigma. 

To  map  the  binding  site  within  the  carboxyl  terminus  of  Ret, 
peptides  were  used  to  specifically  disrupt  the  complexes  of  Ret 
with  Enigma.  Four  20-amino  acid  peptides  (Fig.  5A)  were  as¬ 
sayed  for  their  ability  to  disrupt  the  interaction  of  Ret  with 
Enigma.  Full-length  Enigma  was  mixed  with  the  indicated 
peptides  and  interacted  with  immobilized  GST-C'/Tlet.  As 
shown  in  Fig.  5B,  incubation  with  wild  type  peptide,  Asn-Lys- 
Leu-Tyr,  and  mutant  peptide,  Asn-Lys-Leu-Phe,  were  suffi¬ 
cient  to  displace  Enigma  binding  to  the  carboxyl  terminus  of 
Ret,  while  the  Ret  mutant  peptide  Ala-Lys-Leu-Ala  and  the 
peptide  corresponding  to  exon  16/InsR  w^ere  without  effect. 
These  results  indicate  that  the  sequence  Asn-Lys-Leu-Tyr  in 
the  carboxyl  terminus  of  Ret  is  necessary  for  interaction  with 
the  LIM2  domain  of  Enigma.  Mutation  of  the  Asn  and  Tyr 
residues  abolished  interaction  but  a  Phe  substitution  for  Tyr 


was  tolerated. 

Specificity  was  further  assessed  by  using  these  peptides  to 
disrupt  interaction  of  an  EGFR/Ret  chimera  (26)  with  immobi¬ 
lized  GST-LIM2  of  Enigma.  NIH3T3  cell  lysates  expressing 
EGFR/Ret  were  incubated  with  GST-LIM2/Enigma  in  the  pres¬ 
ence  of  the  indicated  peptides,  and  bound  receptors  were  de¬ 
tected  by  an  anti-Ret  antibody.  Similar  to  the  results  in  Fig.  oB. 
peptides  Asn-Lys-Leu-Tyr  and  Asn-Lys-Leu-Phe  displaced 
EGFR/Ret  binding  to  LIM2/Enigma  (Fig.  5C).  How’ever,  the 
peptide  with  the  two  amino  acid  mutation  to  Ala-Lys-Leu-Ala 
and  the  exon  16/InsR  peptide  failed  to  compete  for  the  binding, 
confirming  the  Asn-Lys-Leu-Tyr  sequence  at  the  carboxyl  ter¬ 
minus  of  Ret  is  the  core  recognition  site  for  LIM2.'Enigma. 
EGFR  alone  did  not  interact  with  Enigma  (data  not  shown  -. 

Although  the  mutant  peptide  Asn-Lys-Leu-Phe  blocked  the 
interaction  of  Enigma  and  Ret  using  GST-fusion  protein  as¬ 
says,  mutation  of  Tyr^®®  to  Phe  in  Ret/p tc2  decreased  this 
interaction  as  assayed  in  a  yeast  two  hybrid  system  and  de¬ 
creased  Ret/ptc2-stimulat€d  DNA  synthesis  in  microinjection 
experiments  in  mouse  fibroblasts  (25).  To  clarify  these  differing 
results,  the  effects  of  replacement  of  Tyr^^  w  ith  Phe  in  Ret 
ptc2  on  Enigma  binding  were  quantitated.  Wild-tv'pe  Ret^pic2 
(Tyr^®®)  and  mutant  Y586F  Retyptc2  (Phe^^^i  were  expressed  in 
293  cells  and  the  relative  affinities  of  these  proteins  for  the  LIM 
domains  of  Enigma  were  measured.  As  shown  in  Fig.  5Z)  the 
affinity  of  Tyr^®®  exceeded  that  of  Y586F  Ret/ptc2  for  Enigma 
by  approximately  5-fold.  Deletion  of  the  carboxyl  terminus 
containing  this  region,  i.e.  Ret/ptc2  truncated  at  residue  574 
completely  abolished  the  interaction  (data  not  shown  i.  LIM2  of 
Enigma  thus  recognized  the  Phe  substituted  carboxyl  terminus 
of  Ret  but  with  lower  affinity  compared  to  wild  type  Ret'pic2 
with  the  Tyr-containing  sequence.  The  differing  results  using 
the  yeast  two  hybrid  system  and  in  vitro  peptide  competition 
are  explained  by  the  decreased  affinity  of  Y586F  compared  to 
wild  type  Ret/ptc2  for  LIM  2  of  Enigma. 

Tyrosine  Phosphorylation  of  Ret  Is  Not  Required  for  Binding 
to  LIM2  of  Enigma  -  To  investigate  whether  tyrosine  kinase 
activation  was  required  for  the  association  between  LIM2 
Enigma  and  Retptc2,  the  EGFR/Tlet  chimeric  protein  was 
used.  Because  the  ligand  for  the  Ret  tyrosine  kinase  receptor  is 
unknowTi,  the  chimera  generated  by  fusing  the  extracellular 
and  transmembrane  domains  of  EGFR  and  the  intracellular 
domain  of  Ret  w^as  used  (Fig.  6A).  EGF  activated  the  Ret 
tyrosine  kinase  activity  and  mitogenic  responses  of  this  chi¬ 
mera  (26).  NIH3T3  cells  overexpressing  EGFR  Ret  were 
treated  without  or  with  EGF  and  cell  lysates  were  mixed  with 
GST  or  GST-LIM  domains  of  Enigma.  As  shown  in  Fig.  6B,  only 
GST-LIM2/Enigma  interacted  with  EGFRRet.  GST,  GST- 
LIM  1,  or  GST-LIM3  of  Enigma  did  not  bind.  Ligand  treatment 
did  not  effect  the  binding  of  EGFR/Ret  to  LIM2  of  Enigma  deft 
panel).  Phosphorylation  of  the  EGFRRet  chimera  was  also 
examined  by  Western  blotting  using  an  anti-phosphot\Tosine 
antibody.  GST-LIM2  of  Enigma  interacted  with  phosphoryi- 
ated  as  well  as  unphosphorydated  EGFR/Ret  receptors.  The 
interaction  of  LIM2  of  Enigma  with  Ret  is  thus  independent  of 
ligand  activation  and  Ret  autophosphorylation. 

DISCUSSION 

The  growing  number  of  proteins  that  contain  one  or  more 
LIM  domains  function  in  a  variety  of  pathways  and  locations 
within  the  cell,  implicating  LIM  domains  as  versatile  protein 
modules  that  are  capable  of  acting  in  diverse  cellular  contexts. 
Although  the  NMR  structure  of  LIM2  of  CRP  resembles  the 
DNA  binding  domain  of  the  GATA-1  transcription  factor,  no 
direct  e\idence  that  a  LIM  domain  binds  to  nucleic  acids  has 
been  presented.  Indeed,  a  lack  of  affinity  for  target  DNA  se¬ 
quences  has  been  reported  for  the  LIM  domains  of  Mec-3  (35). 
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Most  available  evidence  indicates  that  LIM  domains  function 
in  specific  protein-protein  interactions  (1,  8l. 

The  present  studies  demonstrate  that  LIM2  of  Rnigma  spe- 
dfically  interacts  with  Ret  while  LIM3  of  Enigma  specifically 
interacts  with  InsR.  The  Asn-Lys-Leu-Tyr  sequence  at  the  car¬ 
boxyl  terminus  of  Ret  w-as  essential  for  the  formation  of  the 
Ret-Engima  complex.  For  the  interaction  of  InsR  with  Enigma, 
the  Gly-Pro-Leu-Gly-F*ro-Leu-Tyr  sequence  of  the  juxtamem- 
brane  region  of  InsR  was  required.  Both  LIM2  and  LIM3  rec¬ 
ognized  Tyr-containing  motifs  located  outside  of  the  tyrosine- 
kinase  cores  of  Ret  and  InsR.  Although  the  recognition  motifs 
for  LIM2  and  LIM3  of  Enigma  share  sequence  similarity,  they 
were  not  exchangeable,  demonstrating  that  the  two  LIM  do¬ 
mains  have  the  ability  to  distinguish  between  two  Tyr-based 
motifs.  These  results  also  indicate  that  individual  LIM  do¬ 
mains  within  a  single  protein  have  distinct  partner  prefer¬ 
ences.  Because  the  structural  features  of  LIM  domains  are 
highly  conserved,  sequences  other  than  the  conserved  residues 
that  are  involved  in  metal  coordination  must  be  important  for 
defining  the  selectivity  of  individual  LIM  domains  for  their 
particular  partner.  LIMl  of  Enigma  failed  to  recognize  either 
Ret  or  InsR  and  is  likely  to  have  a  yet  unidentified  target 
protein  in  cells. 

Tyr-based  motifs  serve  a  number  of  functions.  Tyr-contain¬ 
ing  tight  turns  are  the  essential  structural  feature  of  the  en- 
docytic  codes  of  many  proteins  (19).  Four  to  six  amino  acid 
sequences  containing  an  essential  Tyr  residue  also  function  as 
lysosomal  and  trans-Golgi  to  basolateral  surface  targeting 
codes  (36-38).  There  is  no  evidence  for  covalent  modification  of 
Tyr  residues  within  these  trafficking  codes.  Phosphorylated 
Tyr  residues  in  specific  sequence  contexts  serve  as  the  recog¬ 
nition  motif  for  SH2  and  PTB  domains  (33,  39,  40).  The  present 
studies  indicate  that  Tyr-containing  sequences  also  function  as 
recognition  elements  for  certain  LIM  domains.  The  Gly-Pro- 
Leu-iyr  motif  of  InsR  that  is  recognized  by  LIM3  of  Enigma 
forms  a  Ty^-containing  tight  turn  (20).  Use  of  two  random 
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Fig  ^  Direct  association  of  Enigma  with  the  carboxyl  termi¬ 
nus  of  ^t.  A,  schematic  representation  of  the  Enigma  fragments  used 
in  the  binding  assays.  Full-length  and  regions  of  Enigma  vi^ere  ex¬ 
pressed  as  IM  epitope-tagged  fusion  proteins.  B.  binding  of  Enigma  to 
the  carboxyl-termmal  61  amino  acids  (residues  536-596)  of  Ret.  293 
cells  were  transfected  with  the  indicated  expression  vectors:  cell  Ivsates 
were  prepared  48  h  later  and  incubated  with  GST  or  GST-C'^Tlei.  Bound 
material  was  analyzed  by  Western  blotting  with  antibody  to  the  HA 
epitope  (upper).  The  bottom  pane!  is  a  Coomassie  Blue-stained  gel  to 
quantitate  GST  and  GST  fusion  protein  used  in  the  assays.  The  left 

^  amount  of  proteins  in  the  lysate  prior  to  interaction 
with  GbT  CTRet. 
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of  the  peptides  used  for  competition.  The  y^sDecmTdfssociation  of  Enigma  and  GST-C'.Tlet  complexes  by  peptides.  The  HA-tagged 

16  corresponds  to  the  witTcST-CVRet  without  or  the  indicated  concentrations  of  peptides.  Bound  Enigma 

Enigma  protein  was  expressed  m  293  ceUs  and  mixed  it  FPFfbllpt  bindine  to  GST-LIM2  of  Enigma.  Lvsates  were  prepared  from 

protein  was  detected  by  anti-H.4  am, body.  C.  ^ti-Re^ 

NIH3T3  cells  expressing  the  EGFK/Itet  chimera  and  ^^dr^epto  and  the  point  mutation  Y586F  Ret.ptc2  tPhe^)  were 

with  yo86F  Ret;ptc2  to  the  carboxyl  terminus  of  Emgma-  Wild-ty^  U|t  ^  3/En^a,  and  bound  Ret/ptc2  was  detected  by  the 

used  {right).  The  amount  bound  is  expressed  as  absorbance  units  iA.U.) 
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ligand  to  activate  its  t.vrosine  kinase.  B,  immunoblot  analysis  of  the  binding  of  EGFR/Ref  rhim^ro  r^fi  receptor  utiluedEGF  as  a 

overexpressing  the  EGFR/Ret  chimera  were  treated  without  or  with  100  n>i  EGF.  Cell  lysates  were  incubated  with  GST  otGST  LIM  Sfmf 
Emgma.  Bound  proteins  were  analyzed  by  Western  blotting  with  antibodies  to  Ret  or  to  ph^pho^'ne 


peptide  libraries  indicated  that  the  target  recognized  by  LIM3 
of  Enigma  consisted  of  the  more  extended  sequence  Gly-Pro- 
Leu-Gly-Pro-Leu-Tyr-Ala.  The  Asn-Lys-Leu-iyr  motif  of  Ret 
that  is  recognized  by  LIM2  of  Enigma  resembles  the  endocytic 
sequence  in  the  LDL  receptor  which  forms  a  Tyr-containing 
tight  turn  (41), 

The  function  of  the  target  sequences  in  Ret  and  InsR  are 
different.  LIM3  of  Enigma  recognized  the  major  endocytic  code 
of  InsR  while  LIM2  of  Enigma  interacted  with  the  carboxyl 
terminus  of  Ret.  Ret  is  a  protein  tyrosine  kinase  receptor  im¬ 
plicated  in  several  disease  processes.  Mutations  that  inactivate 
its  tyrosine  kinase  result  in  Hirschsprung’s  disease  character¬ 
ized  by  defective  sympathetic  innervation  of  the  large  intestine 
(42,  43 ).  Activating  mutations  characterize  a  group  of  inherited 
multiple  endocrine  neoplasia  type  syndromes  that  include 
MEN2A,  MEN2B,  and  familial  medullary  thyroid  cancer  (44, 
45).  Gene  rearrangements  including  the  one  fusing  the  type  1 
regulatory  subunit  of  cyclic  AMP-dependent  protein  kinase  to 
the  t3Tosine  kinase  domain  of  Ret  (Ret/ptc2}  occur  as  oncogenic 
events  in  papillary  th3Toid  carcinoma  (28).  In  a  nuclear  micro¬ 
injection  assay  the  mitogenic  activity  of  Ret/ptc2  was  abolished 
by  carboxyl-terminal  truncation  to  residue  574  or  by  the  mu¬ 
tation  Y586F  (25,  29).  Deletion  of  sequences  distal  to  residue 
5/4  abolished  interaction  \^ith  Enigma  and  mutation  of  Tyr®^® 
reduced  the  affinity  of  Enigma  for  Ret.  Additionally,  co-expres¬ 
sion  of  the  LIM  domains  of  Enigma  blocked  the  mitogenic 
activity  of  Ret/ptc2,  implicating  involvement  of  Enigma  in  the 
mitogenic  signaling  of  Ret  (25).  The  ability  of  LIM3  of  Enigma 
to  recognize  the  active  endoc>tic  codes  of  InsR  fulfills  the  first 
property  of  the  endocytic  mechanism,  but  additional  functional 
criteria  will  be  necessar>*  to  critically  test  the  hypothesis  that 
Enigma  functions  in  endoc\tosis  of  InsR. 

Interactions  of  LIM  domains  of  Enigma  with  these  two  re¬ 
ceptors  did  not  require  either  tyrosine  kinase  acti\ity  or  tyro¬ 
sine  autophosphorylation  on  their  target  sequences.  However, 
for  both  endocytosis  of  InsR  and  mitogenic  signaling  by  Ret, 
activation  of  tyrosine  kinase  activity  is  necessaiy\  Interactions 
Enigma  >^ith  InsR  and  Ret  are  thus  proposed  to  be  necessary 
but  not  sufficient  to  support  these  biological  processes.  Inter¬ 
estingly,  Tyr^^^  in  hoi 0  Ret  corresponding  to  Tyr^®®  in  Ret^ptc2 
is  phosphorylated  when  expressed  in  COS  cells  (46).  The  stoi¬ 
chiometry  was  not  determined  but  this  could  provide  a  mech¬ 
anism  for  the  reversible  association  of  Ret  with  Enigma. 

Most  LIM  proteins  contain  more  than  one  LIM  domain  (1,  8). 


Finding  distinct  targets  for  two  LIM  domains  of  a  single  protein 
not  only  supports  the  hypothesis  that  LIM  domains  function  in 
protein-protein  interactions  but  indicates  a  possible  adaptor 
function  to  assemble  multiple  proteins  into  a  complex.  Alter¬ 
natively,  multiple  LIM  domains  could  function  to  differentially 
assemble  proteins  with  distinct  receptors.  The  finding  that 
binding  of  InsR  and  of  Ret  to  Enigma  does  not  require  the 
protein  tyrosine  kinase  activity  of  either  receptor  distinguishes 
LIM  domain  interactions  from  those  of  SH2  and  PTB  domains 
which  direct  assembly  that  is  dependent  on  tyrosine  kinase 
activity  and  covalent  modifications  of  proteins  (33,  39).  Because 
the  processes  requiring  the  target  sequences  in  InsR  and  Ret 
that  are  recognized  by  Engima  do  depend  on  the  tyrosine  ki¬ 
nase  activity  of  these  receptors,  mechanisms  of  function  of  the 
assembled  LIM  domain  complexes  must  coordinate  with  tyro¬ 
sine  kinase  activity  perhaps  via  substrate  phosphoiylation  or 
protein  assemblies. 
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